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Abstract

The work presented in this thesis covers four major topics of research related to the
grid integration of wave energy. More specifically, the grid impact of a wave farm on the
power quality of its local network is investigated. Two estimation methods were developed
regarding the flicker level Pst generated by a wave farm in relation to its rated power as well
as in relation to the impedance angle Ψk of the node in the grid to which it is connected.
The electrical design of a typical wave farm design is also studied in terms of minimum
rating for three types of costly pieces of equipment, namely the VAr compensator, the
submarine cables and the overhead line. The power losses dissipated within the farm’s
electrical network are also evaluated. The feasibility of transforming a test site into a
commercial site of greater rated power is investigated from the perspective of power quality
and of cables and overhead line thermal loading. Finally, the generic modelling of ocean
devices, referring here to both wave and tidal current devices, is investigated.
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Nomenclature

Symbol Definition Unit

aarr
Percentage of distance Drow applied to devices belonging to the
same array

%

apos
Percentage of distance Drow applied to devices belonging to the
same row

%

arow
Percentage of distance Drow applied to devices belonging to two
different arrays

%

A1, A2, A3 Amplitude of different analytical voltage sinusoidal fluctuations V
C1 Positive sequence shunt capacitance per kilometer µF.km−1

C Positive sequence shunt capacitance µF
Drow Distance between each row of wave devices m
Dtotal Total distance between the WEC i and the reference WEC m
E Energy per unit area of a sinusoidal wave J.m−2

Ess Average energy per unit area of a sea-state J.m−2

E′L Energy consumed by the onshore substation J
Elosses Energy losses dissipated within the farm’s electrical network J
EG Energy generated by the wave farm J
f Frequency of a sinusoidal wave Hz
f Mismatch array
fe Power system supply frequency Hz
fp Peak frequency of a sea-state Hz
ftest Reference frequency for the flickermeter performance tests Hz
g Acceleration constant (9.81 m.s-2) m.s−2

H Height of a sinusoidal wave m
HRMS RMS wave height of a sea-state m
Hs Significant wave height of a sea-state m
I Current A
ia Current of phase a A
Iavg Average current A
ib Current of phase b A
ic Current of phase c A
id Direct axis current A
ii Imaginary component of the instantaneous current i(t) A
Ieq Equivalent current profile at 10 kV A
Imax Maximum current A
iq Quadrature axis current A
ir Real component of the instantaneous current i(t) A
Irated Rated current A
ISC Short-circuit current A
i(t) Instantaneous current A
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J Jacobian matrix
k Scale factor relative to the average voltage
θf Final conductor temperature ◦C
k′ Scale factor relative to the maximum voltage fluctuation
km Wave number of a sinusoidal wave rad.m−1

L Inductance H
lc Submarine cable length m
lL Overhead line length m
N Number of wave devices (wind turbines) in a wave (wind) farm
nrow Row number in a wave farm
P Active power W
Pavg Average active power W
pf Power factor
PG Active power generated by the farm W
PL Active power consumption of the 38 kV load W
P ′L Active power consumption of the onshore substation W
PT Transformer copper loss W
Ploss Power losses dissipated within the farm’s electrical network W
Pmin Minimum active power W
Pmax Maximum active power W
PPCC Active power flowing from the farm to the PCC W
Prated Active rated power of a wave farm W
Pref Reference active power W
Pss Average power per unit length of a sea-state W.m−1

Pst Short-term flicker level
Psti Individual short-term flicker level of a grid-connected installation
Pstpwr Flicker level estimated from the experimental power profile

Pstvolt
Flicker level estimated from the equivalent sinusoidal voltage pro-
file

pu Per unit pu
Q Reactive power V Ar
Qcomp Reactive power generated by the VAr compensator V Ar
QL Reactive power consumption of the 38 kV load V Ar
Q′L Reactive power consumption of the onshore substation V Ar
QPCC Reactive power flowing from the farm to the PCC V Ar
Q′PCC Reactive power flowing from the PCC to the Thevenin impedance V Ar
Qref Reactive power reference of the VAr compensator V Ar
R Resistance Ω
Rline Resistance of the overhead line Ω
RG Equivalent resistance of the farm’s electrical network Ω
RS Thevenin resistance Ω
R1 Positive sequence series resistance per kilometer Ω.m−1

S Apparent power V A
S(f) One dimensional energy spectrum m2.s
Sn Rated apparent power of an installation V A
Sfarm Rated apparent power of a wave farm V A
SSC , S

′
SC Short-circuit level V A

T Period of the equivalent sinusoidal voltage profile s
Te Energy period of a sea-state s
T1, T2, T3, T4 Thermal resistance of different types of material K.m/W
Tp Peak period of a sea-state s
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Tz Mean zero-crossing period of a sea-state s
V Voltage V
Vavg Average voltage V
vi Imaginary component of the instantaneous voltage v(t) V
VG Voltage at the generators’ terminals V
VPCC Voltage at the PCC V
vr Real component of the instantaneous voltage v(t) V
VS Voltage of the voltage source V
v(t) Instantaneous voltage V
vg Wave group velocity m.s−1

X Reactance Ω
x Array of unknows
XG Equivalent reactance of the farm’s electrical network Ω
XS Thevenin reactance Ω
Xline Reactance of the overhead line Ω
XT1 Reactance of the 0.4/10 kV (0.4/20 kV) transformers Ω
XT2 Reactance of the 10/20 kV transformer Ω
XT3 Reactance of the 20/38 kV transformer Ω
X1 Positive sequence series reactance per kilometer Ω.km−1

Y Admittance matrix Ω−1

yp Proximity factor
ys Skin effect factor

Z
Impedance between the 38 kV (33 kV) node and the 110 kV
(400 kV) connection point

Ω

ZS Thevenin impedance Ω
Z1 Positive sequence of the series impedance per kilometer Ω.km−1

α Exponent of the flicker summation law

αω
Random phase shift between the power profile of different gener-
ators

◦

βn
Angle between the axis of propagation of a sinusoidal wave and
the x-axis

◦

δG Voltage angle at the offshore generators’ terminals ◦

∆P Maximum active power difference W
δPCC Voltage angle at the PCC ◦

∆Pst Maximum flicker level difference
∆Ttotal Total time delay s
∆V Maximum voltage fluctuation of a voltage profile V
∆Vtest Reference voltage amplitude for the flickermeter performance tests V
∆V2bus Voltage rise in two-bus system V
∆Vj Amplitude of a sinusoidal voltage fluctuation V
δS Voltage angle at the voltage source ◦

δ∆V Error on the amplitude ∆V for the flickermeter tests %
∆θ Temperature rise ◦C
∆θcst Temperature rise corresponding to a constant current ◦C
ζ Efficiency of the farm’s electrical network
ηi Amplitude of a sinusoidal wave m
η(x, y, t) Elevation of the sea surface m
θ Conductor temperature ◦C
θamb Ambient temperature ◦C
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θf Final conductor temperature ◦C
θi Current phase angle ◦

θu Voltage phase angle ◦

ρ Density of water kg.m−3

ρT Thermal resistivity K.m/W
τ Thermal time constant of a submarine cable s
τf Inertia time constant of a wave device s
τs Time constant of a storage means s
Φ Phase angle between the axis of phase a and the direct axis ◦

Φj Phase angle of a sinusoidal voltage fluctuation ◦

Ψk Angle of the Thevenin impedance ◦

ωe Radian frequency of the power system supply rad.s−1

ω, ωi, ωj Radian frequency of a sinusoidal voltage fluctuation rad.s−1

ωm Radian frequency of a sinusoidal wave rad.s−1

16



Acronyms

AMETS Atlantic Marine Energy Test Site
BIMEP Biscay Marine Energy Platform
CORES Components for Ocean Renewable Energy Systems
CPF Cumulative probability function
DFIG Doubly-fed induction generator
EMEC European Marine Energy Centre
EMT Electromagnetic transient
ENTSO-E European Network of Transmission System Operators
ESB Electricity Supply Board
ESBI Electricity Supply Board International
FFR Primary fluid flow rate
FP Primary fluid pressure
FP7 7th Framework Programme
IEA International Energy Agency
IEC International Electrotechnical Commission
IEEE Institute of Electrical and Electronics Engineers
IPS Minimum input power threshold for energy storage
LED Light-emitting diode
MPPT Maximum power point tracking
OES-IA Ocean Energy System-Implementing Agreement
OWC Oscillating water column
PCC Point of common coupling
PLL Phase locked-loop
PM Pierson-Moskowitz
PMSG Permanent magnet synchronous generator
RfG Network Code on Requirements for Grid Connection applicable to all

Generators
RMS Root-mean-square
SCIG Squirrel-cage induction generator
SCR Storage charge rate
SDR Storage discharge rate
SEAI Sustainable Energy Authority of Ireland
SEM-REV Site d’Experimentation en Mer pour la Récupération de l’Energie des

Vagues
SP Prime mover speed
TAB Technical Connection Requirements for the Connection at Distribution

Level (Technische Anschlussbedigungen für den Anschluss an das
Mittelspannungsnetz)

TQ Prime mover/generator torque
WEC Wave energy converter
WECC Western Electricity Coordinating Council
WRIG Wound-rotor induction generator
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XLPE Cross-linked polyethylene
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Introduction

In less than a century, electricity has become the cornerstone of modern society. Thanks
to it, living conditions have changed more in fifty years than in two centuries. However,
issues such as climate change, fossil fuel depletion, security of energy supply and risk of
major-accident hazard prove the limitations of this current energy model. It is in this
context that a large number of countries have started a transition process to a more sus-
tainable energy model in which renewables will be exploited at a large scale. Wave energy
is one of these sources of renewable electricity for which there has been a growing interest
over the past decades. The theoretical potential of wave energy, yet widely untapped, may
exceed the annual world electricity consumption.

The idea of converting it into useful power is not new. However, it was only in the
1970s, due to the oil crises, that wave energy began to be considered at political level
as an alternative for the generation of electricity. Although this enthusiasm diminished
significantly due to the 1980s oil glut, strong momentum has however been regained in
this area of research since the end of the 1990s.

The electricity generated from wave energy converters is not intermittent. This consti-
tutes a major advantage compared to other renewables such as wind for instance. However,
its high level of variability may deteriorate significantly the power quality of the local net-
work to which a wave farm is connected. This issue must be considered very carefully,
as the most important resources in Europe are located off the west of Ireland and off the
north of Scotland which have relatively “weak” grids. This implies that the impact of
a wave farm of significant rated power in these regions is demultiplied compared to the
impact it would have on stronger coastal networks such as those of continental Europe.

However, the current level of knowledge regarding the grid impact of a wave farm is
relatively fragmented, as will be detailed in the state-of-the-art. This stems mainly from
the fact that the limited number of existing case studies are conducted under different
perspectives and/or using different parameters. It is in the context that three case studies
were conducted as part of this thesis. The first case study is presented in Chapter 3 and
consists of a simplified analytical case study which was conducted in the early stages of
this thesis. Its purpose is mainly to illustrate the different notions regarding the grid
integration of wave energy which are introduced in Chapter 1. The two other case stud-
ies, which are presented in Chapters 4 and 6, are based on experimental power profiles of
a quarter-scale oscillating water column prototype. This prototype was deployed at sea
during three months between March and May 2011 in the framework of the European
FP7 project entitled “CORES”. This project has enabled the generation of a considerable
amount of time series data on a number of parameters, including electrical parameters at
a high temporal resolution of 0.1 s. Contrary to most available data which is averaged
over a sea-state, a season or even a year, the CORES electrical power time series data can
be scaled and used directly for grid impact studies. The case study presented in Chapter 4
focuses on the impact of a 20 MW-rated wave farm designed for testing purposes, while
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the case study presented in Chapter 6 addresses the impact of a commercial wave farm
whose rated power ranges between 20 MW and 50 MW.

Another obstacle to the grid impact assessment of a wave farm stems from the lack of
experimental data on the power profile of a wave farm, which may prevent certain power
quality studies, such as flicker analyses, from being performed. It is in this context that
two flicker estimation laws were developed in this thesis, one in relation to the farm rated
power and the other in relation to the impedance angle of the node in the grid to which
the wave farm is connected. These estimation laws are complementary to an existing es-
timation law in relation to the short-circuit ratio. Hence, the combination of these three
laws is expected to greatly facilitate the estimation of flicker for any value of the short-
circuit level and of the impedance angle, and for any value of the farm rated power. This
may enhance the dissemination of experimental results. In addition, this may enable the
comparison of the impact of different wave farms, regardless of their rated power or of
point of connection to which they are connected. These estimation laws are detailed in
Chapter 7.

The last major obstacle to the more in-depth understanding of the grid impact of wave
farms is the absence of dynamic models of ocean devices, referring here to both wave and
tidal current devices. These models are intended to be used in power system simulators
whose principle is described in the next chapter. However, considering the difficulties en-
countered by the wind energy industry in this field, the ocean energy community decided
to tackle this issue much in advance in the process of grid integration. This is the reason
why the Ocean Energy Systems-Implementing Agreement (OES-IA), a branch of the In-
ternational Energy Agency (IEA), launched a collaborative research project on this topic
in 2009. It focused on the development of a generic model common to most ocean devices.
Several issues were identified during this project, and among them, those related to the
implementation of control strategies in this type of model. The contribution of the author
of this thesis to this last field of research is described in Chapter 8.

It is also interesting to investigate the design of a medium size wave farm, as it may
differ significantly from that of a large offshore wind farm. This difference may have
strong implications on the dimensioning of the constituent elements of the farm’s electri-
cal network. Firstly, the high level of variability of wave energy transforms dramatically
the problem of estimating the ratings required for the submarine cables and for the over-
head lines included in the farm’s electrical network. Conventional methods are based on
constant current profiles which are not representative of, nor relevant to wave energy appli-
cations, given the very slow thermal dynamic response of each of these element compared
to the rapid current fluctuations generated by a wave farm. In addition, it is particularly
important to study the design of a medium size wave farm as it includes relatively long
submarine cables which are operated at a medium voltage level contrary to large offshore
wind farms where a higher voltage level are used. This means that the level of reactive
power compensation which may be required to operate the wave farm according to typical
grid operators’ requirements is expected to be significantly more important in proportion
than in the case of large offshore wind farms. This means also that the percentage loss
in the transmission subsystem is expected to be more significant in this case, which may
decrease significantly the theoretical revenue generated from the farm. The results of the
studies on these topics, which are based on the test site farm described in Chapter 4, are
addressed in Chapter 5.

In summary, this thesis is intended to contribute in filling the gap regarding the grid
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impact assessment of a wave farm. More specifically, it presents the results of comprehen-
sive case studies based on experimental power profiles. However, as experimental data is
very scarce, it describes also methods and models to facilitate the analysis of this impact
with a limited amount of information. In addition, it investigates also the optimal design
of a wave farm from an electrical perspective. The next chapter introduces several notions
regarding wave energy, the devices used to harness it, as well as the issues which may arise
from the grid connection of a wave farm.
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Chapter 1

Background: integration of wave
energy into power systems

1.1 Harnessing wave energy

1.1.1 Resources

The theoretical potential of wave energy, yet widely untapped, may exceed the annual
world electricity consumption. It was originally estimated at between 1 TW to 10 TW [1],
while recent studies gave more refined figures ranging between 2.1 TW [2] and 3.7 TW [3].
This is considerable as it represents the equivalent of 103% to 181% of the world electricity
consumption [4].

Figure 1.1: Global mean wave power density [5]

The resources are unevenly spread over the globe, resources-rich areas being located at
a latitude ranging from 30◦ to 60◦, as shown in Figure 1.1. However, due to both technical
and economical constraints, only a fraction of this potential is harnessable. Taking the
devices efficiency into account, it was estimated more than a decade ago that the global
amount of extractable energy may be around 2,000 TWh/yr (corresponding approximately
to 6%-11% of the total energy) provided that potential improvements to devices existing
at that time were realised [6]. Other estimations based on the Pelamis power matrix [7]
(which has not been validated by any independent authority as yet) were more pessimistic,
with only 96.6 GW harnessable, corresponding to 846 TWh/yr, thus representing 2% to
4% of the available energy) [2]. Although it is yet difficult to estimate precisely the amount
of energy that can be extracted from waves in the absence of reliable ocean device efficiency
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data, the exploitation limit was estimated to range approximately between 10% and 25%
at most [8].

1.1.2 Physics of sea waves

Wave formation

Waves are indirectly generated by the action of solar radiation on Earth which, being non-
uniformly distributed over the surface of the globe, creates massive air convection cells, as
shown in Figure 1.2. Permanent wind direction patterns can thus be observed throughout
the globe, as shown in Figure 1.3.

Figure 1.2: Illustration of air masses convection cells created by the non-uniform distribu-
tion of solar radiation on Earth

Figure 1.3: Permanent wind patterns [9]

The continual interaction of these winds with the sea surface creates water undulations
(as illustrated in Figure 1.4a) which can travel far from their origin point, as illustrated in
Figure 1.4b. The swell observed on the west coast of Ireland may for instance be created
by a storm located off the east coast of the United States. The influence of local winds
(see Figure 1.4c) is also to be considered. The characteristics of a regional wave climate
are largely due to these two elements.
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(a) Wave formation (b) Swell propagation (c) Local wind

Figure 1.4: Waves are generated by the interaction between the wind and the sea surface.
They may propagate over long distances [10].

Wave propagation

Sea waves propagate as gravity waves, thus transporting energy and not matter, as illus-
trated in Figure 1.5a, where a boat is shown to oscillate around a fixed point. In similar
fashion, the trajectory of a fictive “water particule” is circular. The diameter of this cir-
cular trajectory decreases exponentially with water depth as illustrated by Figure 1.5b.

(a) (b)

Figure 1.5: Wave propagation is a transport of energy.

Characterisation of a sea-state

A real sea surface is usually more irregular than the examples shown in the previous
section. However, the linear wave theory says that it can be physically represented as
the superposition of a multitude of sinusoidal waves having different amplitudes ηi, radian
frequencies ωm, wave numbers km and direction angles βn compared to the x-axis [11]. The
elevation of the sea surface η(x, y, t) induced by the propagation of one of these sinusoidal
waves can be expressed mathematically as:

η(x, y, t) =ηi(ωm, βn) cos(ωmt− kmx cosβn − kmy sinβn)

=<[ηi(ωm, βn)exp[j(ωt− kmx cosβn − kmy sinβn)]]
(1.1)

Hence, as a general sea-state can be decomposed into sinusoidal components, the sea-
surface η(x, y, t) in this case can be expressed as:
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Figure 1.6: Sea surface elevation η(x, y, t) in the case of a real sea-state composed of
sinusoidal waves of different frequencies

η(x, y, t) = <

 ∑
wm>0

∑
βn

ηi(ωm, βn)exp[j(ωmt− kmx cosβn − kmy sinβn)]

 (1.2)

This is illustrated by Figure 1.6 which shows the sea surface elevation time series
η(x, y, t) corresponding to sinusoidal waves of frequencies equal to 5 Hz, 7 Hz, 8 Hz, 9 Hz
and 10 Hz. In the case of deep water, the dispersion relationship can be written as:

ω2
m = gkm (1.3)

where g is the gravity acceleration constant. Hence, sea-states are usually described by
means of a one dimensional energy density spectrum S(f) as:

S(f) =

∫ π

−π
s(f, β)dβ (1.4)

where f is the frequency of the sinusoidal waves composing the sea-state, β the angle
between their direction and the x-axis, and s(f, β) the energy spectrum as a function of
both these variables. This spectrum can be expressed as:

s(f, β) = D(β)S(f) (1.5)

where D(β) the spreading function representing the directional distribution of the waves.
It can be expressed as: ∫ π

−π
D(β)dβ = 1 (1.6)

Wave measurements over the past century have shown that the mono-directional spec-
trum S(f) corresponding to a sea-state has general characteristics. Hence, it can be
expressed in the form of empirical equations. The Pierson-Moskowitz (PM) spectrum for
instance is one of the typical spectrum observed for some sea-states, more specifically fully
developed sea-states. This type of sea-states is generated by winds blowing steadily during
several days at a sufficiently long fetch from the area considered, usually of the order of
hundreds of kilometres [12]. This spectrum can be expressed as:
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Figure 1.7: Shape of a Pierson-Moskowitz energy spectrum

S(f) = αESg
2(2π)−4f−5exp

[
−5

4

(
f

fp

)−4
]

(1.7)

where αES and fp are the energy scale and the peak frequency. The energy scale αES
depends on both the significant wave height Hs and on the peak frequency fp. The sig-
nificant wave height Hs corresponds to the mean height of the highest one-third of waves
observed in a given period of time while the peak frequency fp corresponds to the apex of
the energy density spectrum S(f). Figure 1.7 shows the shape of this spectrum.

The Pierson-Moskowitz spectrum can also be described by means of a formula with
two other periods as parameters. These periods are proportional to the peak period Tp
(i.e. the inverse of the peak frequency fp) by a constant which may vary slightly with the
location considered. These periods are called the mean zero-crossing period Tz and the
energy period Te. The mean zero-crossing period Tz is the mean value of the periods of
the sinusoidal waves composing the sea-state. The energy period Te corresponds to the
period of a fictive sinusoidal wave whose power is equal to this of the sea-state. It can be
expressed as:

Te =

∫∞
0 f−1S(f)df∫∞

0 S(f)df
(1.8)

Both these periods are used in this thesis. As will be detailed in Chapter 4, the studies
conducted for this thesis are based on experimental data obtained from a wave device
prototype deployed at sea during three months. The Pierson-Moskowitz spectrum was
used to characterise the sea-states corresponding to each electricity production period by
means of the significant wave height Hs and of the mean zero-crossing period Tz. However,
as the energy period Te is more representative of the power fluctuations injected into the
network, it was also used in this work.

Since Te and Tz are proportional to the peak period Tp, their relationship is also
proportional. The proportionality coefficient, which varies but slightly depending on the
location considered, was found to be approximately equal to 1.3 for the Belmullet test
site [13]. Hence, the relation between the periods Te and Tz can be written empirically as:

Te = 1.3Tz (1.9)
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Wave power

The energy per unit area E of a sinusoidal wave of height H can be expressed as [12]:

E =
1

8
ρgH2 (J/m2) (1.10)

where ρ is the density of sea water and g is the acceleration constant. Hence, the energy per
unit area Ess corresponding to a sea-state composed of sinusoidal waves can be calculated
from the RMS wave height HRMS as:

Ess =
1

8
ρgH2

RMS (1.11)

Consequently, the average power per unit length Pss corresponding to this sea-state
is obtained by multiplying its energy Ess by the wave group velocity in deep water [11]
which is expressed as:

vg =
gTe
4π

(1.12)

where Te is the period corresponding to the propagation of an equivalent sinusoidal wave
whose power is equal to Pss. Hence, the power Pss of the sea-state can be written as:

Pss =
ρg

8
H2
RMSvg =

ρg2

32π
H2
RMSTe (kW/m) (1.13)

The RMS wave height HRMS is proportional to the significant wave height Hs as [12]:

HRMS =
1

2

√
2Hs (1.14)

Hence, (1.13) gives

Pss =
ρg2

64π
Hs

2Te = 0.49Hs
2Te (1.15)

Considering that the energy period is proportional to the peak period Tp and to the
mean zero-crossing period Tz, the power of a sea-state is thus proportional to these periods
as well.

1.1.3 Wave energy devices

The idea of converting wave energy into useful power is not new, as a patent regard-
ing a wave energy converter (WEC) was filed by Frenchmen Girard & Son as early as
in 1799 [14]. However, it was only in the 1970s, due to the oil crises, that wave energy
was re-considered seriously. Although this enthusiasm diminished significantly due to the
1980s oil glut, given the current concerns regarding climate change, energy dependency
and the price volatility of fossil fuel, strong momentum has been regained in this area of
research since the end of the 1990s.

Since the first prototypes (Edinburgh’s duck, Sea Clam [15]) were developed, many
designs have emerged. However, they generally all function based on the same principle:
wave energy extraction is based on the relative motion between two parts or more of a
device in the case of an oscillating device. In the case of overtopping devices, sea water is
captured in a large reservoir and work similarly to hydraulic dams. In order to obtain a
sufficient power output, wave energy devices are grouped in wave farms as illustrated in
Figure 4.10. Most of the current designs fall into the categories described in the following
subsections.
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Point absorber

The operating principle of the point absorber is based on the relative motion between
the upper floating part and its lower part, which can be either floating or fixed to the
sea bottom. Due to its symmetrical design, the performance of the point absorber is
independent of the wave direction.

Attenuator

The attenuator is a floating structure whose symmetry axis should ideally be parallel to
the direction of the incoming waves. The hinges by which the two or more cylindrical
sections are linked enable high pressure oil to be either compressed or dilated alternatively
to make a hydro-turbine spin.

Wave surge converter

The wave surge converter is also an oscillating device, posed on the sea bottom in shallow
waters and which is either mostly or totally submerged. In similar fashion to algae, its
back and forth motion is induced by the rotary movement of water particles.

Oscillating water column

The air enclosed in the hollow chamber of an oscillating water column (OWC), being com-
pressed and dilated under the actions of waves, flows alternatively outwards and inwards
through an orifice in which an air turbine is placed.

Submerged point absorber

The operating principle of a submerged point absorber is similar to that of a floating
point absorber. However, the submerged point absorber harnesses the pressure differential
generated at a given point under the surface at the passage of waves, rather than the sea
surface elevation as the point absorber does.

Overtopping device

The overtopping device, also called overtopper, functions in similar fashion to a hydraulic
dam and is composed of one or more hydro-turbines. The water of incoming waves slips
on an inclined ramp and is captured by a large reservoir which is above the sea level. The
ramp is sometimes bordered by two reflecting walls for enhancing the device efficiency.

Wave device type selected for the thesis

The work presented in this thesis is based mostly on experimental data in the form of
power output time series of a quarter-scale OWC prototype deployed at sea. This data
was generated as part of the FP7 European project CORES which is detailed later in
Chapter 4. Given the similarities in terms of fluctuating power output between all the
wave devices, with the exception of overtoppers, it is expected that the results obtained in
this thesis represent a benchmark for the grid impact analysis of oscillating wave devices
in general.
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(a) Concept [10] (b) WaveBob [16]

Figure 1.8: Point absorber

(a) Concept [10] (b) Pelamis [17]

Figure 1.9: Attenuator

(a) Concept [10] (b) Oyster [18]

Figure 1.10: Wave surge converter

29



(a) Concept [10] (b) OE Buoy [19]

Figure 1.11: Oscillating water column (OWC)

(a) Concept [10] (b) CETO [20]

Figure 1.12: Submerged point absorber

(a) Concept [10] (b) WaveDragon [21]

Figure 1.13: Overtopping device
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1.1.4 Wave farms

Wave farms are composed of multiple wave devices. The influence of their characteristics
(e.g. device layout, orientation) on the power quality of a wave farm are described in
Section 4.2.4.

1.2 Introduction to the grid integration of wave energy

1.2.1 Generator and grid interface types

Grid operators tend to classify power plants more and more according to their grid inter-
face type (i.e. partially or fully decoupled from the network, or directly connected) rather
than according to the nature of their prime mover (dispatchable, predictable but non-fully
controllable, etc.). The imminent “Network Code for Requirements for Grid Connection
applicable to all Generators” (RfG) developed by the European Network of Transmission
System Operators (ENTSO-E) goes in this direction [22]. It will come into force in 2014
in 34 European countries and defines requirements of an increasing level of constraint de-
pending on the plant rated power, on the voltage of its point of connection and on its type
of grid interface only.

Hence, this introduction chapter will detail the electromechanical conversion stage in
terms of generator and grid interface. Given the similarities between wind and wave
power, the generators and grid interfaces already developed by the wind energy industry
are expected to be suitable for the wave energy converters, with the exception of devices
using a linear generator. The classification of these generator/grid interface combinations
as adopted by the Western Electricity Coordinating Council (WECC) [23] is summarised
as follows:

− Type 1: conventional induction generator (Figure 1.14a)
This is the typical grid interface of traditional approximately fixed-speed wind tur-
bines using squirrel-cage induction generator (SCIG), which was progressively aban-
doned due to its poor fault ride-through capability, poor power factor and overall
lack of control.

− Type 2: variable rotor-resistance induction generator (Figure 1.14b)
This configuration enables variable slip operation but does not provide such a high
level of flexibility in terms of speed control as DFIG or fully-rated power electronics
interfaces.

− Type 3: doubly-fed induction generator or DFIG (Figure 1.14c)
The rotor currents are controlled by means of power electronic converters typically
rated to a third of the generator power capacity, which enables flexible variable speed
operation. The DFIG interface can however be sensitive to grid disturbances and
requires power converter protection systems [24].

− Type 4: fully-rated unit (Figure 1.14d)
The generator, either synchronous or asynchronous, is entirely decoupled from the
network by means of power electronic converters controlling the stator currents. This
interface not only enables variable speed operation, but presents also a controllable
fault ride-through capability. However, the cost of the power electronic converters,
rated to 100% of the generator power capacity, renders the interface more expensive.

Wave energy designs without inherent energy storage capabilities are not expected to
be based on a fixed-speed design (Type 1) as significant inertial storage by means of speed
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(a) Type 1 (b) Type 2

(c) Type 3 (d) Type 4

Figure 1.14: Typical wind turbine generator/grid interface combinations utilisable in wave
energy applications [23]

control is not available in this type of operation. Hence, incoming wave power fluctuations
are directly transmitted to the grid, which may deteriorate significantly the power quality
of the local network. In addition, the poor fault ride-through capability demonstrated
by the squirrel-cage generator constitutes a technical obstacle to its utilisation as part
of wave farms of significant rated power. This has unsurprisingly led to its progressive
abandonment by the wind energy industry and it is no longer considered for wave energy
applications.

Fully variable speed operation, whose benefits are proven in terms of increasing wind
farms efficiency and in terms of power output quality enhancement, is achievable only by
means of partially (Type 3) or fully-rated (Type 4) power electronics interfaces. Although
the variable slip operation possible with the Type 2 interface provides also some sort of
speed control, it is far more limited and decreases the overall efficiency of a wave device.

Hence, grid interfaces including power electronics, despite their higher cost and poten-
tial reliability issues, are generally considered as more suitable for wave energy applications,
although they present technical drawbacks as well. For instance, power electronics gener-
ate harmonics which can however be easily mitigated by means of well tried and tested
filters [25]. In addition, the DFIG interface is somewhat sensitive to grid disturbances
and requires a special converter protection system as mentioned previously. On the other
hand, the fully-rated power electronic interface tend to generate quite a low current under
fault conditions, which may render more complex the fault detection by circuit breakers.

In summary, two types of grid interfaces, namely Type 3 and Type 4, are usually
envisaged for an oscillating wave device design. This corresponds to four generator/grid
interface combinations which are described in Table 1.1.
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Generator Grid interface

Wound-rotor induction generator (WRIG) Type 3

Permanent magnet synchronous generator (PMSG)
Type 4Synchronous generator with brushes

Asynchronous generator

Table 1.1: Generator/grid interface combinations envisaged for oscillating wave devices

1.2.2 Generator and grid interface type selected in this thesis

As will be detailed in Chapter 4, the power system studies presented in this thesis, with the
exception of those performed in the context of a simplified analytical case study presented
in Chapter 3, are based on experimental data generated by a wave energy design including
a fully-rated grid interface (Type 4). It is important to bear in mind that, from a power
system’s perspective, the grid impact of this type of grid interface is independent of the
type of generator used as the injection of both active and reactive power into the network
is controllable by means of the power electronic converters. Hence, the results obtained
in this thesis are applicable to three of the four generator/grid interface combinations
envisaged for oscillating wave devices which were described in the previous section.

1.3 Power system simulations

1.3.1 Power system simulators

Power system simulators are the tool of choice for assessing the grid impact due to any
system changes. They reduce the requirement of performing tests on the actual network,
which may cause disturbances detrimental to customers as well as representing a potential
threat to the grid stability. Besides being generally much easier to put in place than field
tests, these numerical tests allow simulation of the power system behaviour for a full range
of conditions, either external (e.g. outdoor temperature, wind speed) or internal (e.g. ad-
dition of electrical components such as generation units). The decision to upgrade a part
of the grid or to install new generation units are usually taken on the basis of these sim-
ulations. A grid impact evaluated as significant by means of power system simulations is
for instance a sufficient reason for any grid operator to deny a grid connection application.
Given the high economical, technical and human issues at stakes, it is thus imperative that
the dynamic models of any electrical equipment implemented in power system simulators
are highly reliable, validated and fully trusted.

The power system simulations presented in this thesis were performed with the power
system simulator “PowerFactory” developed by DIgSILENT [26]. This company has been
one of the leaders in power system modelling, analysis and simulation for more than
25 years. The major advantages of PowerFactory are its overall functional and user-friendly
interface, as well as its ease of use for modelling fluctuating power sources. The simulator
automation capabilities were also extremely useful in reducing considerably the amount of
time required for performing a large number of simulations.

1.3.2 RMS and EMT simulations

Introduction

Power system simulations may be performed using either the so-called “root-mean-square”
(RMS) method or the “electromagnetic transient” (EMT) method. In EMT simulations,
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the instantaneous values of both the voltage v(t) and of the current i(t) are calculated at
any node of the network for each of three phases a, b, and c. Assuming that the level of
harmonics in the network is sufficiently low, these variables can be expressed as:

v(t) =V (t) sin(ωet+ θu)

==[V (t)e[j(ωet+θu)]]

==[V (t)ejθuejωet]

(1.16)

and

i(t) = =[I(t)ejθiejωet] (1.17)

where V (t) and I(t) are the amplitudes of the voltage and of the current respectively, ωe is
the power system supply radian frequency, and θu and θi are the phases of the voltage and
of the current respectively. However, EMT simulations require using full electromagnetic
transient models with a relatively small time step. Hence, the simulation speed as well as
the amount of data generated during these simulations limit usually the duration of the
simulations performed with this method, which is generally used for very short simulations
only (e.g. fault analyses).

Consequently, power quality analyses are usually based, and it is also the case in
this thesis, on simulations performed with the RMS method with which a number of
simplifications are made. First, instead of simulating the instantaneous values of the
voltage v(t) and of the current i(t), only the terms V (t)ejθu and I(t)ejθi , alternatively
written as V (t) 6 θu and I(t) 6 θi, are simulated. Hence, these terms, which are called
“phasors”, are expressed in a frame of reference rotating at the power system supply
radian frequency ωe. This concept is illustrated in Figure 1.15. The second simplification
consists of simulating the positive sequence only in the case of balanced conditions.

Figure 1.15: Instantaneous voltage value v(t) and its associated phasor V jθu at the power
system supply radian frequency ωe

Discussion

The power fluctuations generated by a wave farm induce voltage fluctuations on the net-
work. However, as a sea-state is composed of sinusoidal waves, as described in Section 1.1.2,
the power fluctuations can also be expressed as a sum of sinusoidal terms. In similar fash-
ion, the voltage profile v(t) at any node of the network can be expressed as a sum of
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sinusoidal terms of amplitude ∆V
2 , of radian frequency ωj , and of phase Φj oscillating

around an average value Vavg as:

v(t) =

Vavg +
n∑
j=1

∆Vj
2

sin(ωjt+ Φj)

 sin(ωet) (1.18)

Hence, the power fluctuations generate oscillating terms of radian frequency ωe − ωj
and ωe + ωj as demonstrated below:

v(t) =Vavg sin(ωet) +
n∑
j=1

∆Vj
2

sin(ωjt+ Φj) sin(ωet)

=Vavg sin(ωet) +
n∑
j=1

∆Vj
4

[cos((ωe − ωj)t+ Φj)− cos((ωe + ωj)t+ Φj)]

(1.19)

However, the use of RMS simulations implies that the impedances of the network are
simulated based on their value at the power system supply radian frequency ωe, which
may differ from the impedance corresponding to a radian frequency equal to ωe − ωj or
ωe + ωj .

Given that the network considered in this thesis is more inductive than capacitive, the
imaginary part of the impedance corresponding to a radian frequency ω can be reasonably
assumed to be proportional to this frequency as [27]:

=(Z) = Lω (1.20)

where L is the inductance of the network. However, the frequencies ωj are expected to
be relatively small compared to the power system supply radian frequency ωe. Wave
devices are indeed designed to harness the energy of waves whose period ranges between
3 s and 20 s [7]. Considering that electrical power is generated at twice the corresponding
frequency, then voltage fluctuations should range between 0.1 Hz and 0.7 Hz. Hence, it
can be assumed that:

ωe − ωj ≈ ωe and ωe + ωj ≈ ωe (1.21)

Hence, the error on the reactance of the network can be considered as negligible. This
demonstrates that the RMS method can be used for simulations including wave energy
devices.

1.4 Grid operators’ requirements

1.4.1 Introduction

The power fluctuations which may be generated by most oscillating wave energy converters
without significant amounts of energy storage or without suitable control strategies may
have a negative impact on the power quality of the local grid to which the wave farms will
be connected. However, the grid operators must ensure that this impact remains negli-
gible to the customers. Hence, a certain number of requirements defining the maximum
tolerated impact and intended to the power plant owners were progressively developed by
grid operators and/or energy authorities. They can usually be found in the form of grid
codes (e.g. as in Ireland and the UK) or as decrees (e.g. as in France and Spain).
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This section describes the different power quality criteria used in this thesis for as-
sessing this impact, as well as requirements in terms of reactive power control in order to
mitigate it. These descriptions are adapted from a book chapter written in collaboration
with Joe MacEnri, formerly with a subsidiary of the Irish distribution system operator,
ESBI [28].

1.4.2 Short-duration root-mean-square (RMS) voltage variations

There exist three different types of short-duration RMS voltage variations, namely voltage
sag, swell and interruption, as described in IEEE standard 1159-2009 [29]. These variations
are qualified as instantaneous, momentary or temporary depending on their duration, as
shown in Table 1.2.

Typical duration Definition
Typical

amplitude (pu)

Instantaneous 0.5-30 cycles
Sag 0.1-0.9

Swell 1.1-1.8

Momentary
0.5-30 cycles Interruption ≤ 0.1

30 cycles-3 s
Sag 0.1-0.9

Swell 1.1-1.4

Temporary ≥ 3 s-1 min
Interruption ≤ 0.1

Sag 0.1-0.9
Swell 1.1-1.2

Table 1.2: Classification of short-duration root-mean-square (RMS) voltage variations

Momentary as well as temporary voltage sag and swell are of particular interest with
respect to power quality studies focusing on wave energy applications.

Voltage sag

According to IEEE 1159-2009, a voltage sag or dip (these words being interchangeable),
is a decrease in RMS voltage between 0.1 pu and 0.9 pu. Voltage sags are traditionally in-
duced by faults, the starting of large motors or by the switching of heavy loads. However,
power fluctuations generated by wave farms may also be responsible for sags in sufficiently
weak networks.

Voltage swell

Voltage swell is a voltage rise between 1.1 pu and 1.8 pu for a duration ranging from
0.5 cycles to 1 min. In opposite fashion to voltage sags, they are caused by load decrease,
either load switching off or load shedding, or by the switching on of a large capacitor
bank. However, similarly to sags, they may also be caused by the reflection of wave power
fluctuations on the electrical power output of a wave farm.

1.4.3 Flicker

Introduction

Applying a varying voltage to a light bulb can result in significant light intensity variations,
thus causing a potential visual disturbance. Although it is normal that voltage may vary
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during the day, due for example to load switching or to motor starting, the impact of these
fluctuations must be limited in order not to represent any disturbance to the customers.
A statistical index of visual disturbance was developed in order to evaluate the level of an-
noyance caused by light intensity variations on the average individual. This index, called
flicker level, can be evaluated over 10 minutes (short-term) or 2 hours (long-term), and is
expressed as Pst and Plt respectively. In this thesis, only the short-term flicker level Pst
evaluated over 10 minutes is analysed.

To ensure that visual disturbance remains negligible to the customer, grid operators
limit either 1) the individual contribution in terms of flicker which a power plant is al-
lowed to emit or 2) the total flicker level at the connection point. These limits enforced
by several grid operators will be detailed and discussed in Chapter 4.

Flicker is a phenomenon which can have very significant consequences on customers’
comfort and health. It has been recognised since the 1960s that flicker may potentially rep-
resent a risk to individuals prone to photosensitive epilepsy [30]. Besides, flicker can also
induce electrical equipment malfunction, as well as non-negligible physical deterioration
which may reduce significantly its lifetime. According to [31], the performances of control
systems using electronics drives have been reported to be adversely affected by excessive
and repeated voltage variations. In addition, the influence of these variations on rotating
machines speed/torque control may for instance cause temperature rise and motor over-
loading issues. As wave farms can induce such rapid voltage variations with a significant
amplitude, flicker is an issue of particular interest in the context of the large-scale grid
integration of wave energy.

Evaluation

Flicker level is usually evaluated based on the perception of light intensity variations
[32]. The lighting equipment considered in this standard is an incandescent light bulb.
This may represent a worst case scenario regarding a number of lighting equipment types
such as LEDs or compact fluorescent lamps, given their lower flicker response to low-
frequency voltage modulation [33,34]. However, in the absence of widely agreed guidelines
or standards on the flicker response of different types of lighting and electrical equipment,
the recommendations established by IEC standard 61000-4-15 were retained for developing
the flickermeter used in the studies presented in this thesis.

1.4.4 Voltage step

A voltage step is a sudden voltage variation as illustrated in Figure 1.16. In addition to be
potentially detrimental to the quality of the electricity supplied to the customers, this type
of variation may also affect the stability of the generators located close to the electrical
element at the origin of the disturbance. A voltage step may be caused for instance by
the switching on or off of a power plant, as well as by its unexpected disconnection.

1.4.5 Voltage control

Power plants of significant power capacity are usually required to provide so-called ancil-
lary services, for instance in the form of local voltage control. Under normal operating
conditions, the voltage control at a local level is usually achieved by controlling the reac-
tive power flow to or from the plant. Power electronic converters, likely to be present in a
majority of wave device designs, may help meeting this requirement.
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Figure 1.16: Illustration of a 10% voltage step

Different methods are available for maintaining the voltage within allowed limits as
specified in grid codes: power factor control, reactive power control, direct voltage control
or any combination of these. In the Republic of Ireland for instance, power factor control
requirements are enforced for wind farms depending on the characteristics of their con-
nection point: Figures 1.17a shows for instance the power factor capability required from
wind farms connected to an existing substation up to 38 kV and Figure 1.17b presents the
power factor capabilities required from those connected at a 38 kV node with no existing
load customers or at a 110 kV node.

1.4.6 Influence of the grid strength on power quality

In power quality analyses, only a small part of a large network is analysed. Hence, the
rest of the network is usually modelled by means of an ac voltage source in series with
an impedance. This impedance corresponds to the Thevenin impedance ZS which can be
expressed as:

ZS = RS + jXS (1.22)

where RS and XS are the Thevenin resistance and reactance respectively. This impedance
can be calculated from the short-circuit level Ssc and from the impedance angle Ψk at
the point of connection between the local grid and the rest of the network which can be
expressed respectively as:

Ssc =
√

3V Isc =
V 2

ZS
(1.23)

where V is the line voltage and

Ψk = arctan

(
XS

RS

)
(1.24)

Both the short-circuit level Ssc and the impedance angle Ψk, or alternatively the
impedance ZS , are relevant indicators of the sensitivity of a given network to power fluc-
tuations. The voltage fluctuations induced by power fluctuations injected into a network
qualified as “strong” can be considered as negligible, whereas they are significant on a
“weak” network.
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(a) Connection to an existing substation up to 38 kV

(b) Connection at a 38 kV node with no existing load customers
or at a 110 kV node

Figure 1.17: Requirements with respect to the power factor (top) and to the reactive power
(bottom) as enforced in the Republic of Ireland [35]

Although there is no general definition of the grid strength, the amplitude of the in-
duced voltage fluctuations decreases in an inverse proportion to the short-circuit level Ssc.
Hence, a strong network is characterised by a sufficiently high short-circuit level SSC .
Consequently, the impact on the network is often studied as a function of the ratio of the
short-circuit level to the apparent rated power of an installation, which is usually referred
to as the short-circuit ratio. This will be detailed in the next chapter. The influence of
the impedance angle Ψk is however more complex, as will be detailed in Chapter 4.

In practice, rural distribution grids such as those supplying the west coast of Ireland or
the north of Scotland have a lower short-circuit level than most of the other coastal regions
in Europe. This is due to the fact that these rural networks are supplied by low voltage
distributions grids which have a usually a lower level of interconnection. In addition, the
coastal areas are usually relatively remote from higher voltage networks as illustrated in
Figures 1.18a and 1.18b which show the transmission network in Ireland and in Scotland
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respectively. On the contrary, the coastal areas off the continental part of Europe are
generally supplied by higher voltage networks, as shown in Figures 1.18c which presents
the transmission system in France. Hence, the grid connection of a wave farm in regions
such as the west of Ireland and the north of Scotland may lead to significant power quality
issues.

(a) Ireland [36]

(b) Scotland [37] (c) France [38]

Figure 1.18: Transmission networks in Ireland, Scotland and France

1.5 Conclusions

This chapter introduced different notions and concepts regarding wave energy as well the
devices designed to harness it. The chapter detailed also the power quality issues which
may arise from the grid connection of wave farms as well the grid operators’ requirements
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enforced in order to mitigate this impact. It showed that areas such as the west of Ireland
and the north of Scotland may be more vulnerable to power quality issues than most
other coastal regions. The next chapter will detail the state-of-the-art regarding the topics
addressed in this thesis.
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Chapter 2

State-of-the-art

2.1 Introduction

This thesis investigates four main topics. Firstly, the impact of a wave farm on the power
quality of the local electrical network to which it is connected is analysed comprehensively.
Then, the electrical design of wave farms is discussed in terms of minimum ratings required
for different elements of the farm in terms of energy losses. The third topic of this thesis
regards two flicker estimation laws in relation to the impedance angle Ψk and to the farm
rated power. Finally, the generic modelling of ocean energy devices (including both wave
and tidal current devices) is addressed.

The generic modelling of ocean energy converters was the initial focus of this work.
However, with data becoming available as a result of the FP7 European project entitled
CORES which is described in Chapter 4, this scope was modified in order to produce
comprehensive studies on the impact of a wave farm on power quality. It is hoped that
in the fullness of time, the results obtained through these case studies will be used as a
benchmark for the validation of a generic model currently under development at HMRC.

2.2 Impact of a wave farm on the power quality of its local
network

Only a limited number of case studies exist to date on the impact of a wave farm on its
local network. In addition, it is difficult to draw general conclusions as these cases studies
present numerous differences, which fall mainly into the eight categories as detailed below.

2.2.1 Modelling of the individual power profile

Experimental data on the power output of wave energy devices in real seas is very scarce
and usually not publicly available. To date, with the exception of the work presented in
this thesis, only two studies have detailed the impact of a wave device on its local grid
based on experimental data of the power profile [39, 40]. Both these studies focus on a
point absorber.

Hence, a majority of studies are based on raw sea-state data (either measured or
generated numerically) which are used as input to numerical wave device models which
present a high level of detail with respect to all the energy conversion stages [41, 42].
However, developing such models is very time-consuming and requires a large range of
skills, in particular in hydrodynamics and mechanical engineering, areas in which electrical
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engineers may have a limited knowledge. In addition, as this method is based on raw sea-
state data, it is somewhat uncertain as the accuracy of the dynamic models has not been
evaluated as yet in the absence of field measurements. Several other alternative approaches
to the use of highly detailed wave device models were identified. One of them, which was
developed in the framework of this thesis, consists of creating a fluctuating power profile
composed of an average value and of a series of sinusoidal signals of different amplitudes
and frequencies as will be detailed in the next chapter. Finally, a last approach consists in
modelling the vertical motion of oscillating wave devices without significant storage means
as being in phase with the sea surface vertical velocity, thus assuming that the wave device
floats approximately on the sea surface at all times [43]. However, unlike these studies,
the power output of wave devices is modelled in this work from experimental time series
data generated in the framework of project CORES, as mentioned earlier.

2.2.2 Computation of the total wave farm power output

The power output of a wave farm may be computed based on a sufficiently accurate knowl-
edge on both the sea surface elevation as a function of time at each position where a wave
device is located and on the mechanical reaction of the power take-off mechanism to the
sea conditions of the type of wave device considered. This type of computation usually
provides results with a high level of detail which is however unnecessary in the case of
power system studies. Hence, less sophisticated and time-consuming methods for estimat-
ing the power output of several wave devices are expected to be sufficient.

One of these methods consists of applying time delays to the individual power profile
generated by a wave device in order to obtain a reasonable estimation of the power profiles
of other wave devices [44]. This technique does not take into account wave dispersion,
which implies that waves of different frequencies travel at different speeds. This means
that the power profile of a wave device included in a wave farm cannot be exactly similar
to this of another wave device. However, it is deemed sufficient for power system studies.
Hence, a method based on time delays was used in this thesis and is described in Chapter 4.

2.2.3 Wave device technology

In the studies which are not based on experimental power profiles, the exclusive use of
point absorber devices in power system studies may be partly explained by the fact that
they represent the most simple design to model numerically compared to the other types
of wave device. It seems that no study based on overtopping devices exists while only one
study has dealt with the power quality of OWCs [45]. It is based on a small onshore OWC
prototype located on the island of Islay, UK and addressed the level of flicker generated
by this wave device.

This relative lack of knowledge on the power quality of different wave device types
represents a barrier to the objective assessment of each technology from a grid integration
perspective. It is one of the objectives of this thesis to investigate this gap regarding
floating oscillating water columns.

2.2.4 Generator control strategy and storage means

In all the studies which are not based on experimental power profiles, the drive-train does
not include any storage means and the generator is operated in fixed speed mode. In
this mode, inertial storage not being available, the mechanical power peaks are directly
transformed into electrical power peaks. Hence, this constitutes a worst case from a power

43



quality perspective.

However, using storage (either through dedicated means or in the form of variable
speed mode) may greatly enhance the quality of the wave farm power output. Operating
the generator in variable speed mode has already proved to be very efficient in the case of
wind farms [25]. The flicker generated by the LIMPET oscillating water column operated
in variable speed mode was detailed [45]. However, the absence of results regarding the
fixed speed operation means that the power quality of these two modes cannot be com-
pared. Another approach consists of including dedicated storage means in the design of
a wave device [39]. In this study, several control strategies regarding the use of a bench
of supercapacitors for limiting the flicker generated by a point absorber are detailed. The
common point between these two studies is the use of storage for limiting the flicker gen-
erated by a wave device, either by using the variable speed mode as in the former, or by
using dedicated storage means in the latter. However, it appears from these two stud-
ies that comparing the power quality of two different devices is not trivial, in particular
if their storage mechanisms are of different nature and present different characteristics.
However, the influence of storage on a power profile may be modelled generically by a
first-order low-pass filter [46]. The time constant τs of this filter is assumed to be equal to
the inertia time constant in the case of mechanical and hydraulic storage means. Hence,
describing storage in this manner may facilitate the comparison between different devices
from a power quality perspective. The accuracy of this proposed modelling approach is
evaluated in this thesis. It is also used to estimate the minimum time constant τs required
for meeting the flicker requirements.

2.2.5 Wave climate and sea-state

The existing studies which are described in this chapter present simulation results based
on a single sea-state, which is rarely representative of the most energetic conditions at a
given site. This thesis however provides results for different sea-states corresponding to a
low, a medium and a high energy level, which are intended to be representative of a wide
range of typical energy levels around the world.

2.2.6 Layout of the farm

The farm orientation compared to the dominant wave direction, as well as its layout, are
important criteria regarding the quality of its power output. However, in most existing
studies, both these criteria are fixed so their influence on the grid impact of the wave farm
is not studied.

The impact of modifying the orientation of a linear array compared to the dominant
wave direction by a variable angle was investigated [42]. However, only the variance of
the farm power output as a function of this angle was studied, which does not enable the
establishment a direct link between this variable angle and usual power quality criteria.
In this thesis, the influence on power quality of the farm orientation compared to the
dominant wave direction, as well as the influence of the device layout are analysed. In
addition, the analysis of worst case conditions from a power quality perspective is included
in the case studies, which has never been previously addressed. The worst case conditions
correspond to the case where a linear array is orientated perpendicularly to the dominant
wave direction, which leads to the simultaneous generation of power peaks by a number
of the generators belonging to this array. This type of situation may occur in the case of
a test site where different devices are structured into a linear array facing the dominant
wave direction. This orientation, by enabling each device of the array to benefit from
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similar sea conditions (thus limiting the inter-device hydrodynamic interactions) enables
a fair comparison of the performances of different devices. However, this type of situation
may also occur in the case where the wave direction changes significantly and becomes
perpendicular to a linear array.

2.2.7 Short-circuit ratio and impedance angle Ψk

The short-circuit ratio of a fluctuating power source, which was defined in Chapter 1 as
the ratio of the short-circuit level Ssc to the rated power Sn of the installation, is a relevant
criterion for estimating the impact which this power source may have on its local network.
This ratio was introduced in the context of the grid integration of wind farms and is also
applicable in the case of wave farms, although its relevance in this latter case is more
limited due to the ambiguity on rated power. This method facilitates an assessment of
the maximum power fluctuation which the farm may output as a ratio of the short-circuit
level Ssc of the node to which the farm is connected. This maximum power fluctuation
is assumed to be equal to the farm rated power Sn as a worst case, which is relevant in
the case of a wind farm but slightly less in the case of a wave farm where the notion of
rated power is more ambiguous. However, regardless the nature of the input power, the
amplitude of the voltage fluctuations induced by a grid-connected installation decreases
in an inverse proportion to the short-circuit level Ssc. Hence, the higher the short-circuit
ratio is, the smaller the amplitude of the induced voltage fluctuations.

Empirical values with respect to the short-circuit ratio have been adopted in the con-
text of good practice by the wind energy industry. For instance, wind farms used to
be recommended to be connected to points whose short-circuit level is at least 25 times
greater than the farm rated power Sn [25]. Further studies have proved that wind farms
could be safely connected to nodes with a short-circuit ratio as low as 2 provided that a
suitable power factor control is applied at the point of common coupling [47,48].

In the case of a wave farm, studies to date have been performed almost exclusively for
extreme values of the short-circuit ratio. In one case, studies based on a small size farm
(whose rated power is approximately 1 MW) connected to a generic weak rural network
were undertaken [42,49] while in others a medium size farm (with a rated power equal to
20 MW) was connected to the Belmullet site in Ireland whose short-circuit level is rela-
tively low [41, 50, 51]. Hence, all the studies presented in this paragraph were performed
for a relatively low short-circuit ratio, equal to 3.3 in the three last studies.

Conversely, the short-circuit ratio is extremely high in the case of similar studies based
on the same medium size wave farm connected to the bimep test site in Spain, whose
short-circuit level is extremely high [41,51] . The short-circuit ratio of the 20 MW farm in
this case is equal 225, leading to negligible voltage fluctuations, as expected. In similar
fashion, the flicker induced by a single point absorber connected to a node having a short-
circuit level 610 times as high as its rated power proved also to be absolutely negligible [40].

An exception to the above observation must be made for a study [39] in which flicker
analyses were performed using a generic flicker coefficient C(Ψk), adapted from IEC stan-
dard 61400-21 [52] and independent of the short-circuit level at the point of connection.
The impedance angle Ψk chosen for this study is equal to 30◦, which corresponds to a
worst case scenario in terms of flicker generation for an installation operated at unity
power factor. This study, based on a 1 MW point absorber, showed that flicker level may
be maintained below the limit enforced in France by using an actively controlled storage
means of relatively small energy capacity. However, in the absence of a flicker summation
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law, the flicker corresponding to a larger wave farm cannot be estimated from these results.

In addition to using different short-circuit ratios, all the studies presented in this section
were generally performed for different impedance angles Ψk, which renders more complex
the comparison of their results. In summary, it is not possible to extract from these studies
the minimum short-circuit ratio above which power quality issues are not expected to arise
from the connection of a wave farm, as has been done in the case of wind farms.

This thesis is expected to fill the gap by presenting the grid impact on a number of
power quality criteria, namely the voltage step, the maximum and minimum voltages and
the flicker level, of a wave farm connected to a node whose short-circuit level Ssc and
impedance angle Ψk covers the entire range of typical values for these parameters.

2.2.8 Power quality criteria addressed and grid codes

Grid operators define a number of requirements applicable to grid-connected installations,
and among them those related to electrical power quality, to ensure that power systems
are operated in a safe and reliable way. Hence, power plant managers must prove that
their power station complies with these requirements in order to be allowed grid connection.

The importance of complying with power quality requirements is essential as failing to
meet them is a sufficient reason for any grid operator to deny grid connection applications.
However, limits specified by these requirements may differ among different grid connection
codes, rendering compliance with power quality requirements somewhat site-specific. A
survey on the limits enforced with respect to several power quality criteria in different
grid codes, recommendations and standards was conducted in order to extract the most
stringent as well as the most permissive of these limits. As mentioned earlier, the power
quality criteria identified for investigation are the voltage step, the maximum and minimum
voltages as well as the short-term flicker level. These criteria are directly applicable and
relevant to wave farms, contrary to others such as those concerning power ramp rates,
which are inapplicable as such to wave farms and which are not considered in this study.
The compliance test of the wave farm is based on both the most permissive as well as the
most stringent limits in order to be representative of the requirements applied by a range
of grid operators around the world. All these topics are addressed in Chapter 4.

2.3 Electrical design of a wave farm

A wave farm must be optimally designed in order to maximise the revenue it generates
and to minimise its capital expenditure. This must be achieved among other factors by
selecting equipment with suitable characteristics, such as rating and impedance. This se-
lection should focus on maintaining regulatory voltage and flicker levels, on minimising
the power losses as well as on avoiding a useless and costly over-rating of the farm’s con-
stituent components.

The minimum rating required from three particularly costly types of element, namely
the VAr compensator, the submarine cables and the overhead line, are investigated in
Chapter 5. The cost of these elements being highly dependent on their rating, this work
will provide useful information for facilitating the sufficiently accurate modelling of a wave
farm for techno-economical studies. The current absence of studies on this topic may lead
to a significant error in the estimation of the capital expenditure of a wave farm, as the
cost of cabling in a large offshore wind farm may represent up to 20% [53] of the total cost.
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This topic is investigated as part of this thesis. Although the minimum rating for the
VAr compensator can be defined from load flow simulations, the minimum rating required
from the submarine cables can only be obtained through additional analyses focusing on
its thermal loading. It is important to bear in mind that the current rating of cable is de-
termined from the maximum temperature at which its different components can be safely
operated. Hence, the transient nature of the cable temperature must be taken into account
in the overall power system study.

However, the conventional method for estimating this rating is based on steady-state
calculations (hence assuming a constant current) [54]. This type of calculation is not
representative of, nor relevant to wave energy applications, considering the rapid cur-
rent fluctuations generated by a wave farm compared to the very slow thermal dynamic
response of a submarine cable, ranging usually between 2 min to 30 min [55–57]. Conse-
quently, a suitable current rating, from a thermal loading perspective, is expected to be
much less than the maximum instantaneous current which the cables carry, which could
lead to significant savings in terms of capital expenditure. Based on these considerations,
a novel method for estimating the temperature of the cables in the case of wave energy
applications is proposed in this thesis. Finally, the power losses generated within the farm
are also investigated as they represent a loss of revenue which, although being potentially
significant, is usually not taken into account in techno-economical analyses.

In summary, the minimum ratings required from three particularly costly types of el-
ement, namely the VAr compensator, the submarine cables and the overhead line, are
investigated in Chapters 5 and 6. The minimum current rating required from the subma-
rine cables is analysed from a thermal loading perspective. A novel method is proposed
which, contrary to conventional methods based on steady-state calculations, takes into
account the current fluctuations induced by the waves. Finally, the power losses generated
within the farm are also investigated as they represent a loss of revenue which is usually
not taken into account in techno-economical analyses.

2.4 Estimation of flicker results

Flicker level may vary greatly depending on the number of devices included in a wave
farm and on the short-circuit level and on the impedance angle of the node in the grid to
which it is connected. Hence, it is important to define estimation laws which describe the
relation of the flicker level with these parameters. Given that a wind farm is a fluctuating
power source in similar fashion to a wave farm, the flicker estimation method defined with
respect to this former type of power plant was assumed to represent a relevant starting
point for the development of an estimation method applicable to wave farms. So far, two
methods have been developed, one in relation to the short-circuit ratio (as defined in the
IEC standard 61400-21) and one in relation to the number of wind turbines included in a
wind farm, which is usually referred to as a flicker summation law (as defined in the IEC
standard 61000-3-7 [58]).

According to the IEC standard 61400-21, the flicker level Pst generated by a wind farm
is inversely proportional to the short-circuit level of the node to which it is connected. As
this relation is independent of the nature of the input power, it is also directly applicable
in the case of wave farms. This, however, is not the case regarding the flicker summation
law defined in the IEC standard 61000-3-7. This summation law defines the flicker level
generated by N wind turbines as the product of the individual flicker level Psti generated
by each of these turbines times the square root of N given by:
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Pst = Psti
√
N (2.1)

This implies that the influence on lighting equipment of voltage fluctuations generated
by each wind turbine add according to the square root of N as in (2.1). This is also par-
tially true in the case of wave farms. For instance, N generators may output a power peak
simultaneously, which may result in a power peak of significant amplitude. Obviously, the
higher this number N is, the higher the probability becomes that a fraction of these gen-
erators output a power peak simultaneously. However, it is also expected that the power
fluctuations generated by each wave device would tend to compensate themselves to some
extend with those generated by other wave devices, as they may be out of phase. Hence,
this would lead to a smoother power profile [59]. Consequently, the amplitude of voltage
variations may also decrease as a function of the wave farm rated power. As this latter as-
pect is not taken into account in the flicker summation law described in the IEC standard
61000-3-7, investigations were conducted to develop a flicker estimation law in relation to
the farm rated power which is suitable for wave energy applications. It is important to
bear in mind that a considerable number of wave devices must be simulated for a wave
farm of significant rated power. This law would, among others, facilitate a considerable
reduction in the computing resources necessary for determining the flicker generated by
large wave farms.

Finally, it appears that no estimation method has been defined yet with respect to
the impedance angle Ψk which has however a fundamental influence on the level of flicker.
Hence, an estimation law in relation to this variable has been developed in this thesis.
These estimation laws are complementary to the existing estimation law in relation to the
short-circuit ratio defined in the IEC standard 61400-21. The combination of these three
laws is expected to greatly facilitate both the estimation of flicker with respect to different
connection points and the dissemination of experimental results.

2.5 Generic modelling of ocean devices for power system
studies

2.5.1 Introduction

As mentioned in the introduction chapter, power system simulators are the tool of choice
for assessing the grid impact induced by any system changes. Dynamic models for most of
the typical components of a power system are usually provided as built-in models which
the user only needs to parameterise. This, however, is not the case for renewable power
plants for which reliable models have been released in the last decade only in the best
case [60], or are still lacking.

This section describes the experience gained from the wind energy industry in the field
of numerical modelling. It will detail the reasons why the concept of generic modelling
has emerged as a solution for the modelling of wind turbines and why this approach seems
to be relevant as well in the case of ocean devices, including both wave and tidal current
devices.

2.5.2 Experience of the wind energy industry

In the past, the lack of suitable models for renewable power plant (wind farms and so-
lar panels in particular) hindered renewable power generation being taken into account
in power system stability studies. This became obviously more and more unrealistic as
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the penetration rate of these renewable sources increased. When they represented a non-
negligible share of the energy mix in a number of countries, the lack of reliable dynamic
models clearly became an issue to the further integration of renewables. In Ireland for
instance, due to the inherent stability issues resulting from the small size of the power sys-
tem, the absence of dynamic models ultimately forced the transmission system operator,
Eirgrid, to establish a moratorium on the connection of wind turbines [61].

It is in this context that grid operators introduced, as early as 2003 [62], requirements
as part of the grid connection process regarding for the provision of dynamic models. This
requirement concerns renewable power plants of a significant rated power, typically ex-
ceeding 5 MW in Ireland [35]. As a result, most grid operators in industrialised countries
now routinely require dynamic models. As an example, the future European grid code,
which will come into force in 2014 in 34 countries, will include precise requirements on the
dynamic models to be provided by power plant owners [22].

However, the experience of the wind energy industry proved that the modelling of wind
turbines could be relatively complex and time-consuming. Eirgrid, the Irish transmission
system operator, detailed the numerous issues arising from the integration into its power
system simulator of 20 dynamic models received from wind farm developers. Despite joint
efforts between the wind farm developers and its staff over a three year period of adapting
and/or debugging the models, none performed appropriately as of 2007 [63].

Consequently, generic modelling has been highlighted as being a potential approach to
solve the issues inherent to the specific modelling approach [63,64]. The generic modelling
approach consists of defining a generic structure common to most wind turbines which in-
cludes all the dynamic features relevant to power system stability studies. This structure
must be parameterised by device-specific data which the manufacturers have the ability
to provide without prejudice to the commercial confidentiality of their products.

2.5.3 Application of generic modelling to ocean devices

The issues arising from the grid integration of ocean farms presents similarities as well as
differences compared to those occurring in the case of wind farms. From this perspective,
a comprehensive review of these issues highlighted the need for a generic model of ocean
devices, as well as the complexity of this task [65].

The first generic model structure was composed of three conversion stages which con-
sist of a front-end stage where the wave power is converted into mechanical power, of an
optional intermediate stage in the case where hydraulic storage means are included in the
design and of a last stage corresponding to the electro-mechanical energy conversion [66].
The input power to this model was simulated as an average water velocity to which a
stochastic variation was applied for tidal turbines, which is representative of real condi-
tions. In the case of wave devices, the model was presented in the case of sinusoidal sea
conditions. Comparison with experimental results was however not conducted.

Based on these studies, the OES-IA, a branch of the International Energy Agency
(IEA), decided to initiate research on the issue of generic modelling. It established a col-
laborative research project running between 2009 and 2010 which was intended to obtain
a refined generic structure applicable to a majority of ocean devices. Its second objec-
tive was to collect data which the device developers have the ability to provide in order
to parameterise this structure. The results of this work were released as a technical re-
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port [46]. The results of the work conducted by the author of this thesis, who participated
in this collaborative project, are presented in Chapter 8. This personal contribution took
the form a developer survey and focused on refining the generic structure proposed at an
initial stage of this research project in order to include the influence of control strategies
on the power profile of an ocean device. This work has been updated in order to include
the recommendations described in Chapter 7 regarding the evaluation of flicker.

Since the closure of the OES-IA collaborative project, research has focused on the
implementation of the generic model developed as part of this research project. HMRC
has, for instance, launched a R&D project called SEAGRID under the leadership of D.
O’Sullivan and R. Alcorn. As part of this project, in which the author of this thesis par-
ticipated regularly, further research on the implementation of the generic model described
was conducted [67,68]. However, the implementation of a fully generic model is out of the
scope of this thesis and will not be addressed in detail.

In summary, this field of research is still relatively embryonic, which can be explained
by the very limited number of power system researchers working in the field of ocean en-
ergy and the early stage of development of the ocean energy industry. As of early 2013,
no technical committee has planned yet to address the generic modelling of ocean energy
systems. This is however likely to change thanks to the work of the IEC technical com-
mittee TC 114 [69] which focuses on international standards for marine energy conversion
systems and should be followed with great attention in the coming few years.

2.6 Summary of the contributions of the thesis

2.6.1 Chapters 4 and 6

Two majors obstacles to the analysis of the grid impact of a medium-size wave farm have
been highlighted. Firstly, most power system studies intended to analyse the impact on
power quality of wave farms are based on wave device numerical models which have not
been validated against experimental results. The studies presented in this thesis are, on
the contrary, based on actual experimental power profiles generated by a quarter-scale
OWC prototype deployed at sea over a three-month period.

Secondly, the existing case studies were performed by using different parameters, which
makes it difficult to draw general conclusions. In order to fill this gap, two case studies
were performed and are presented in Chapters 4 and 6. While the case study presented in
Chapter 4 addresses the impact of a 20 MW farm included in a test site facility, the case
study described in Chapter 6 focuses on a commercial wave farm rated up to 50 MW. These
two case studies are based on five different production periods which correspond to five
different sea-states. In three of these production periods, the generator is operated in fixed
speed mode, while it is operated in variable speed mode in the other two. Different device
layouts are used, as well as two different wave farm orientations compared to the dominant
wave direction. Worst case conditions from a power quality perspective in terms of farm
orientation are also analysed. The simulations are performed for the entire range of typical
short-circuit levels and impedance angles Ψk, as well as for a farm rated power ranging
between 20 MW and 50 MW. Finally, a comprehensive review of grid codes, regulations
and standards has been undertaken to determine the most stringent as well as the most
permissive limits enforced in terms of voltage step, maximum and minimum voltages and
flicker level. The compliance of a wave farm is assessed with respect to these two types of
limits in order to be representative of typical grid operators’ requirements enforced around
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the world. Based on these case studies, the minimum short-circuit ratio above which the
connection of a wave farm is unlikely to pose power quality issues is investigated.

2.6.2 Chapter 5

The minimum ratings required from two particularly costly types of element, namely the
VAr compensator and the submarine cables, are investigated in Chapter 5. The cost of
these elements is highly dependent on their rating and this work is expected to provide use-
ful information for facilitating an accurate modelling of a wave farm for techno-economical
studies. The current absence of studies on this topic may lead to a significant error in
the estimation of the capital expenditure of a wave farm. The minimum current rating
required from the submarine cables is analysed from a thermal loading perspective. A
novel method is proposed which, contrary to conventional methods based on steady-state
calculations, takes into account the current fluctuations induced by the waves. Given that
the cables’ thermal time constants are usually greater than the period range of the wave-
induced current fluctuations, it may be expected that a suitable current rating, from a
thermal loading perspective, is much less than the maximum instantaneous current which
the cables carry. This could lead to significant savings in terms of capital expenditure.
Finally, the power losses generated within the farm are also investigated.

2.6.3 Chapter 7

Two flicker estimation laws in relation to the farm rated power and in relation to the
impedance angle which are suitable for wave energy applications were developed as part
of this thesis. They are complementary to the existing estimation law in relation to the
short-circuit ratio defined in the IEC standard 61400-21.

2.6.4 Chapter 8

The current absence of dynamic models may represent a barrier to the large-scale grid
connection of ocean devices. A collaborative research project was launched in 2009 by
the OES-IA, a branch of the International Energy Agency (IEA). Chapter 8 describes the
results of a developers survey conducted by the author of this thesis in the context of this
collaborative research project. This work was intended to refine an existing generic model
structure in order to include the influence of the control strategies on the power output of
a device, as well as to collect data to parameterise this structure.

The following chapter presents a simplified analytical case study whose main purpose is
to illustrate the notions introduced in Chapter 1 regarding the power quality issues which
may arise from the grid connection of a wave farm. It is also intended to serve as an
introduction to the case studies presented in Chapters 4 and 6.
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Chapter 3

Simplified analytical case study

This section intends to provide an introduction to the issues related to the integration of
fluctuating power sources, such as wave farms, into the network. It will present a simplified
analytical case study conducted at an early stage of this thesis.

3.1 The AMETS test site

The case study focuses on the national wave test site of Ireland named the Atlantic Ma-
rine Energy Test Site (AMETS). This test site is located off Belmullet, County Mayo (see
Figure 3.1) and was selected in 2009 by the Irish government. Although the test site was
initially expected to become operational in 2011, its development stage still remains purely
conceptual. According to the Sustainable Energy Authority of Ireland (SEAI), manager of
the project, the strategic purpose of the site is to assess the performances and survivability
of pre-commercial wave energy devices in extreme open ocean conditions. Hence, the test
site is not thought to be built before 2015 at least, once sufficiently robust designs will
have been tested at other test sites presenting milder sea conditions.

The test site is planned up to a maximum generating capacity of 20 MW, although
the initial lease was accorded for 10 MW only. It will include four berths, as shown in
Figure 3.2, two located at 6.5 km from the shore and at 50 m water depth, the other two
being located at 16 km offshore and at 100 m water depth. Voltage is stepped up offshore
from 0.4 kV to 10 kV. An onshore substation, whose consumption was assumed to be equal

Figure 3.1: Location of the AMETS test site [70]
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Figure 3.2: Conceptual layout of the test site [70]

to 0.10 MW at 0.95 power factor lagging (referring here as absorbing reactive power), steps
then the voltage up again from 10 kV to 20 kV. Although this voltage stepping-up does
not appear on the initial design of the test site, 10 kV lines are being progressively replaced
all around Ireland by 20 kV lines. Hence, adapting the original configuration of the test
site seemed relevant given that the test site will not become operational for a number of
years. A 5 km overhead line connects the substation to the point of common coupling
(PCC) with the rest of the network.

Considering that the Irish distribution system operator, ESB, requires wind farms
connected to this type of connection point to control their power factor between 0.92 and
0.95 lagging, a VAr compensator was modelled at the PCC, maintaining a fixed power
factor equal to 0.93 lagging. A transformer steps the voltage up from 20 kV to 38 kV at
the location of Belmullet town, whose consumption (including this of its surroundings) was
assumed equal to 2 MW at 0.95 lagging based on its number of inhabitants (approximately
15,000 according the latest census [71]). The rest of the national network is modelled by a
constant voltage source (connected to the slack bus) in series with an impedance modelling
the short-circuit level at the high-voltage side of the 20 kV/38 kV transformer.

3.2 Numerical modelling

3.2.1 Modelling of the electrical network

Wave farm’s network

The geographical configuration of the wave farm as well as the electrical components rat-
ings were modelled according to the design defined by the test site manager, ESBI, a
branch of the Irish distribution system operator ESB. The numerical model of the farm
which was developed under power system simulator PowerFactory is shown in Figure 3.3.
The impedance values for the submarine cables as suggested in a consultancy study or-
dered by ESBI and conducted by HMRC were retained for their numerical modelling. The
impedances of both the transformers and of the overhead line were defined based on typical
values for these pieces of electrical equipment as found in manufacturer data sheets [72,73]
or in specialised publications [74–76]. The values used for the positive-sequence impedance
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R1 (Ω/km) 1 X1 (Ω/km) 1 C1(µF/km) 2

Submarine cables 0.25 0.13 0.22

Overhead line 0.09 0.3 0

1 series impedance
2 shunt capacitance

Table 3.1: Positive-sequence impedance of the submarine cables and of the overhead line

X1 (pu) PT (kW)

Transformers 0.06 1 4
1 per-unit value based on the apparent rated power of each transformer

Table 3.2: Positive-sequence impedance of the transformers

of each element of the model used in the study detailed in this chapter are presented in
Tables 3.1 and 3.2. This model was used also for the studies detailed from Chapters 4 to 5.
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Figure 3.3: Model of the electrical network developed under PowerFactory
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Winter Summer Average

Isc (kA) 3.9 3.0 3.45

X/R 3.1 2.9 3.0

Table 3.3: Short-circuit characteristics at the 110 kV connection point located at Bella-
corick

Modelling of the rest of the network

The rest of the power system to which this local network belongs is modelled by means of
an ac voltage source in series with a series reactor of impedance ZS = RS+jXS . The value
of XS and RS , which are respectively the Thevenin reactance and resistance of the rest
of the power system, can be calculated from the short-circuit level Ssc and the impedance
angle Ψk as:

Ssc =
√

3V Isc =
V 2

ZS
=

V 2√
R2
S +X2

S

(3.1)

and

tan(Ψk) =
XS

RS
(3.2)

where Isc is the short-circuit current. The voltage at the ac source terminals is maintained
constant at all times at 1.0 pu, thus simulating an infinite grid.

The short-circuit level Ssc at the high-voltage side of the 20/38 kV transformer was
estimated from the short-circuit level S′sc at the nearest 110 kV connection point and from
the impedance Z of the overhead line and of the transformers between these two nodes,
as:

Ssc =
V 2

V 2

S′sc
+ Z

(3.3)

The 110 kV node supplying the Belmullet area is located at Bellacorick, County Mayo,
as shown in Figure 3.4a. The Eirgrid’s Transmission Forecast Statement 2012-2018 [36]
indicates that the short-circuit level at this 110 kV node ranges between 3.9 kA (winter)
and 3.0 kA (summer), with a X/R ratio ranging between 3.1 and 2.9 respectively, as sum-
marised in Table 3.3. Average values of the short-circuit level and of the X/R ratio equal
to 3.45 kA and to 3.0 respectively were selected for the study.

A single 38 kV overhead line, whose length was estimated to be equal to 35 km, con-
nects the 110 kV node (located at Bellacorick) to the 38 kV node (located at Belmullet),
as illustrated in Figure 3.4b which shows the 38 kV distribution system. The impedance
between the 110 kV and the 38 kV nodes was estimated based on the typical impedance
values for a 38 kV line and a 38/110 kV transformer. The current rating of the 38 kV
line was selected as being equal to 340 A, which corresponds approximately 22 MW. This
power level corresponds to the worst case scenario where the maximum electricity gener-
ation of the farm (equal to 20 MW) coincides with a negligible consumption of the local
loads. As for the 38/110 kV transformer, the value provided by the Eirgrid’s Forecast
Statement was retained.

The Thevenin reactance XS and resistance RS at the high-voltage side of the 20/38 kV
nodes were estimated to 21.4 Ω and 8.1 Ω respectively, corresponding to an impedance ZS
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(a) Transmission system

(b) 38 kV distribution system

Figure 3.4: Power system of the west of Ireland

equal to 22.9 Ω and an impedance angle Ψk=69.2◦. These short-circuit characteristics are
summarised in Table 3.4. Due to a lack of information on the power consumption along
the Bellacorick-Belmullet line, it was not taken into account in the calculations. However,
it is demonstrated in Appendix A that the error on the short-circuit level and on the
impedance angle Ψk induced by this approximation is negligible.
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RS (Ω) XS (Ω) ZS (Ω) Ψk (◦)

8.1 21.4 22.9 69.2

Table 3.4: Short-circuit characteristics at high voltage side of the 20/38 kV transformer

Figure 3.5: Generator connected through a fully-rated power electronic converters

3.2.2 Modelling of the wave energy devices

Generator model

The wave energy devices are simulated as generators connected through fully-rated power
electronic converters, as illustrated in Figure 3.5. They were modelled by means of the
“static generator” model, equivalent to a controlled current source, provided as part of
the PowerFactory package. The control frame which was developed to control the power
output of each generator included in the model is shown in Figure 3.6.

The “P-input” block outputs the reference active power Pref of the static generator,
from which its reactive power reference Qref is calculated by the “Reactive Power” block.
The generators were operated in fixed power factor mode, whose power factor reference
was maintained to unity during the simulations. This type of operation was expected to
be beneficial as it reduces power losses within the submarine cables as well as the need for
the VAr compensator to supply reactive power to the farm.

However, as the static generators are modelled as current sources, the active and
reactive power references Pref and Qref must be expressed in terms of current references.
In order to facilitate the calculations, these current references are expressed in terms of
direct and quadrature components of the current, referred to as id and iq respectively.
These terms correspond to the phase currents ia, ib and ic to which the dq-transform is
applied as:

[
id
iq

]
=

[
cos (Φ) cos

(
Φ− 2π

3

)
cos
(
Φ + 2π

3

)
− sin (Φ) − sin

(
Φ− 2π

3

)
− sin

(
Φ + 2π

3

) ]
 ia
ib
ic

 (3.4)

where Φ is the angle between the direct axis and the axis corresponding to phase a. The
dq-transform enables the expression of the three ac phase currents ia, ib and ic as two dc
currents id and iq. These dc currents represent the projection of the ac currents onto two
axes rotating at the same angular speed as the ac variables. Given that the voltage mea-
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Figure 3.6: Control frame used for the static generator models

surement tool (corresponding to the block “Voltage Measurement” in Figure 3.6) included
in PowerFactory measures the real and imaginary components of the voltage, referred to
as vr and vi, the real and imaginary components of the current ir and ii must be defined
in the first place. These components are linked to the active and reactive power reference
Pref and Qref as:

S =Pref + jQref = vi∗

=(vr + jvi)(ir − jii) = vrir + viii + j(viir − vrii)
(3.5)

Hence, the real and imaginary current components ir and ii can be defined as:

ir =
Pref
vr
− vi
v2
r + v2

i

(
vi
vr
Pref −Qref

)

ii =
vr

v2
r + v2

i

(
vi
vr
Pref −Qref

) (3.6)

Finally, the direct and quadrature current components id and iq can be expressed as:

id =ir cos(Φ) + ii sin(Φ)

iq =− ir sin(Φ) + ii cos(Φ)
(3.7)

The angle Φ is measured in PowerFactory by a phase-locked loop (corresponding to
the “PLL” block in Figure 3.6).

Power profile

Four static generators were used to represent four wave energy devices (or four array of
devices) outputting a simplified fluctuating power output consisting of an average power
Pavg and of three sinusoidal terms. The power profile P (t) can be expressed as follows:

P (t) = Pavg+B

[
A1sin

(
2πt

Tw1

+ αw

)
+A2sin

(
2πt

Tw2

+ αw

)
+A3sin

(
2πt

Tw3

+ αw

)]
(3.8)
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Figure 3.7: Individual power profile of a generator (Pavg=2.5 MW and B=100%)

where B is a percentage ranging between 0% and 100%, constants Ai are the amplitudes
of the power fluctuations, Twi are their periods, t is the time and αw is a random phase
shift intended to simulate the effect of devices aggregation on the farm power output
(more details on the aggregation method are given in Section 3.2.3). The values of these
parameters are described in Table 3.5 and an oscillogram of the resulting power profile for
Pavg=2.5 MW, B=100% and αw=0◦ is shown in Figure 3.7. This corresponds to a total
average active power equal to 10 MW, to which three sinusoidal terms, which represent the
power fluctuations induced by the waves, are added. The power fluctuations of greatest
amplitude are expected to range between 1.5 s and 10 s, considering that a wave device
generates electrical power ideally twice per wave cycle and that the wave period of interest
from a electricity generation perspective ranges between 3 s and 20 s. The periods of the
three sinusoidal terms included in (3.8) were selected arbitrarily from this period range:
periods T1, T2 and T3 are equal to 10 s, 7 s and 9 s respectively. The relatively low
amplitudes, also chosen arbitrarily, for these sinusoidal terms contribute to create a power
profile representative of a wave farm in which a significant amount of storage is available
and/or consisting of a sufficiently large number of devices.

Parameter Value or range

Pavg 0 MW-5 MW
B 0%-100%
A1 0.3 MW
A2 0.1 MW
A3 0.2 MW
Tw1 10 s
Tw2 7 s
Tw3 9 s

Table 3.5: Parameters used to define the electrical power profile

3.2.3 Aggregation of devices

The smoothing effect on the farm power output due to the aggregation of several wave
energy devices was investigated. This was modelled by using different values of the phase
shift αw, which is included in (3.8), for each of the static generators. These phase shifts
were generated randomly between 0◦ and 360◦ using the Matlab function “rand” which
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creates uniformly distributed pseudo-random numbers. The script used to generate a
single phase shift αw is:

αwi = rand× 360◦ (3.9)

In order to study the sensitivity of the results with respect to the phase shift values, ten
different phase shift sets, whose values are shown in Table 3.6, were created. A reference
set for which all phase shifts are set to zero, which is referred to as “ref” in the table,
was also created to enable the comparison between the cases benefiting and those not
benefiting from the aggregation effect.

Set Generator 1 Generator 2 Generator 3 Generator 4

1 0 42.3 106.8 114.8
2 0 152.7 182.8 30.8
3 0 94.5 288.4 10.5
4 0 334.4 262.9 175.9
5 0 208.3 85.4 165.2
6 0 346.7 196.9 187.6
7 0 83.4 176.0 224.7
8 0 244.5 142.4 132.3
9 0 355.7 13.6 318.7
10 0 328.8 286.6 35.5
ref 0 0 0 0

Table 3.6: Phase shift αw (◦) for the 11 sets used in the study

3.3 Grid code requirements

The compliance of the idealised wave farm with respect to the grid code requirements of
the Irish distribution operator, ESB, was assessed [35]. Given that no requirement has
been issued for marine energy converters as yet in Ireland, as it is also the case in many
other countries, the compliance was assessed based on the requirements applied to wind
farms. This seems relevant due to the similarities between these two types of power plants,
both in terms of power fluctuations and generator type. The grid compliance of the wave
farm with respect to the maximum amplitude of the voltage variations, to the voltage
limits and to the flicker level were investigated, as well as additional aspects.

3.3.1 Maximum amplitude of the voltage variations

Rapid voltage variations may deteriorate the local power quality as well as introduce a
certain degree of instability in a power system which justifies the enforcement of limits
regarding their amplitude. The rapid voltage variations potentially generated by a wave
farm, including the voltage step due to a loss of connection, were analysed and compared
to the limits defined by the Irish grid operator.

This grid operator indicates that generators must be able to remain connected up to a
voltage step of 10%. In addition, the distribution code mentions also that “the Distribution
System [...] shall be designed to enable normal operating frequency and voltages supplied to
customers to comply with European Standard EN 50160:1995 ”. The limit recommended
in this standard [77] in terms of rapid voltage variations is equal to 4% under normal
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Figure 3.8: Voltage profile between the generators and the slack bus

conditions. This standard indicates also that a maximum voltage variation up to 6% can
be tolerated under “certain circumstances”.

3.3.2 Voltage limits

The upper voltage limit at the point of common coupling is equal to 1.11 pu whereas the
lower limit depends on operating conditions. Considering the typical voltage range defined
in EN 50160 which is equal to ±10%, a lower limit equal to 0.90 pu was arbitrarily chosen
for assessing the grid compliance of the farm with respect to voltage limits.

3.3.3 Flicker

The Irish grid operator requires that the contribution of a wave farm in terms of flicker
level is less than 0.35. This represents the lowest limit a grid operator can enforce [58].

3.4 Results

3.4.1 Load flow results

A static load flow study was conducted for a farm power output equal to 10 MW, the
initial expected rated power of the wave farm.

Voltage profile

Due to the injection of active power, the voltage increases at the busses located close the
farm. It decreases then to reach its lowest value at the 20 kV bus where the substation is
connected, which is emphasised by the action of the VAr compensator at the PCC. The
voltage at all nodes in both the offshore and onshore networks is maintained within a
[-8%;+2%] range, which seems reasonable for operating all the different pieces of electrical
equipment under normal conditions.

Power losses

Losses represent 8% of the active power generated by the farm, which is significant. The
submarine cables account for 86% of these losses, while the overhead line accounts for the
remaining 14%, as shown in Figure 3.9. This predominance of the losses in the cables was
expected given their high resistance (equal to 1.6 Ω for the 6.5 km cables and to 4.0 Ω for
the 16 km cables) compared to the resistance of the overhead line (equal to 0.45 Ω only).
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Figure 3.9: Distribution of the power losses over the different pieces of electrical equipment

Voltage variations

Two types of voltage variations potentially generated by a wave farm were investigated:
those generated by its fluctuating power output, and referred to as rapid voltage fluctua-
tions, and the voltage step induced by the sudden disconnection of one or more generation
units.

− Rapid voltage fluctuations

For the purpose of this study, a wave farm including little to no means of storage was
envisaged. This means that its minimum power output was assumed to be equal to zero.
Hence, the maximum voltage fluctuation it may output is defined as the absolute value
of the voltage difference between the case where it generates its maximum power and the
case where its power output is equal to zero as:

∆V = |V (Pmax)− V (0)| (3.10)

It must be observed that the amplitude of a voltage fluctuation induced by a power
fluctuation depends on the short-circuit circuit level Ssc and of the impedance angle Ψk of
the node to which the wave farm is connected. Hence, as the maximum voltage fluctuation
is analysed for an increasing rated power of the farm at Belmullet, it seems judicious to
study this variation as a function of the farm’s short-circuit ratio which is defined as the
ratio of the short-circuit level Ssc to the farm’s apparent rated power Sn as:

short-circuit ratio =
Ssc
Sn

(3.11)

Considering that the wave devices are operated at unity power factor, the apparent
rated power is equal to the rated active power. The results presented in Figure 3.10 show
that this voltage difference increases as a function of the power capacity, although a slight
decrease is observed around a short-circuit ratio equal to 30, which corresponds to a farm’s
active power equal to 2 MW. This can be explained by a reversal in the active power di-
rection between the voltage source and the 38 kV bus to which a 2 MW load is connected:
once the farm power capacity reaches this value and covers the load’s consumption en-
tirely, the voltage source is no longer needed to supply active power but rather to absorb it.

It appears that the maximum amplitude of a voltage fluctuation may exceed 4% for a
short-circuit ratio less than 11. Exceeding the 10% limit above which generators are no
longer required to remain connected is also exceeded for a short-circuit ratio less than 4,
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Figure 3.10: Maximum voltage difference induced at the PCC as a function of the farm’s
short-circuit ratio

although it is not sure whether this type of voltage fluctuation can actually be considered
as a voltage step. Hence, the connection of a wave farm operated under the conditions
described in the study may induce a significant deterioration of the power quality, and
may as well introduce a certain level of risk concerning the stability of the local network
for wave farms whose short-circuit ratio is less than 4.

− Voltage step

The disconnection of one or more generators (or array of generators) was simulated
by disconnecting the submarine cables which connect them to the onshore substation.
Given that one of the most probable causes of generation unit loss is the occurrence of a
short-circuit with one or more of the cables, this simulation scenario reproduces the grid
operator’s reaction. Figure 3.11 shows that the amplitude of the voltage step induced by
the sudden disconnection of one or more generators is always smaller than 10% for the
10 MW farm. The entire loss of the farm does not thus pose any stability issue in this
case. This, however, may prove to be a problem for a wave farm of higher power capacity
as it is the case for a 20 MW farm if two or more generation units are lost.

Voltage limits

The application of the 0.93 lagging power factor at the PCC makes the voltage decrease
as a function of the farm power output. This trend is similar to what may be observed
in a two-bus system for which the voltage variation ∆V2bus at one bus compared to the
voltage V at the other can be approximately defined as:

∆V2bus =
PR+QX

V
(3.12)

This equation means that, in the case considered in this work where the reactive power
Q flowing from the PCC to the ac voltage source is defined based on the power factor pf
as:

Q = −P
√

1

pf2
− 1 (3.13)

the voltage fluctuation ∆V may become negative for a sufficiently great active power P . In
the case where the reactance X is particularly high between the two busses, which is also
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Figure 3.11: Voltage step induced at the PCC as a function of the number of lost units
for two farm average power values

Figure 3.12: Minimum voltage at the PCC as a function of the farm’s short-circuit ratio

the case here (the Thevenin reactance XS is equal to 21.4 Ω), negative voltage fluctuations
∆V2bus are induced by active power peaks of any amplitude, which is in good agreement
with what is observed in this work.

Hence, the maximum voltage is obtained when the farm outputs no power and is
equal to 0.981 pu, thus remaining well within the [-10%;+11%] range defined by the grid
operator. Figure 3.12 shows on the contrary that the minimum voltage may be less than
the lower limit from a short-circuit ratio less than 4 if the power factor at the PCC is not
suitably modified.

3.4.2 Quasi-steady simulations

Quasi-steady simulations were performed based on the electrical power profile described
in Section 3.2.2. The average power Pavg of each of the four generators is set to 2.5 MW
which corresponds to a total active power of 10 MW. This power level corresponds to a
short-circuit ratio of 6.3.
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Figure 3.13: Profile of the efficiency of the farm’s electrical network for two values of
factor B

Efficiency of the network

The efficiency ζ of the farm’s network going from the generators up to the point of common
coupling was calculated as:

ζ(t) = 1−
PG(t)− P ′L(t)− PPCC(t)

PG(t)
(3.14)

where PG(t) is the sum of the generators’ individual power output at time t, P ′L(t) is the
instantaneous consumption of the substation and PPCC(t) is the power received at the
PCC. The efficiency profile is shown in Figure 3.13. It can be observed that the efficiency
fluctuates around an average value equal to 92%, corresponding to the 8% power losses
found in section 3.4.1. The deviation of the efficiency ζ(t) from its average value is signif-
icant, ranging between 89% and 94% when the power fluctuation amplitude is maximal
(B=100%). This deviation amplitude decreases as a function of the power fluctuation
amplitude, as illustrated by the case where B=50% in Figure 3.13.

Flicker

The flicker level generated at the PCC by each of the 11 phase shift sets was investigated.
The flickermeter used for this study is described in more detail in Chapter 4 along with
its compliance tests as well as with additional tests performed with experimental data.
Figure 3.14 shows that Pst is relatively variable depending on the phase shift set consid-
ered. It must also be noted that flicker may be relatively close to the maximum allowed
level enforced by the Irish grid operator and equal to 0.35. However, it remains below this
limit for all of the phase shift sets considered. It may be argued that this may no longer
be the case though for wave farms with a greater rated power, although increasing this
parameter tend also to render the farm power profile smoother. However, this aspect was
not considered as it appears that no solution to the load flow problem exists when the
farm’s average power is greater than or equal to 20.7 MW. Increasing the maximum power
which the farm may inject in the relatively weak grid to which it is connected generates
incompatible initial load flow conditions. This was observed with PowerFactory and is
demonstrated analytically in the next paragraphs by means of a simplified network model.
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Figure 3.14: Flicker level at the PCC corresponding to the different phase shift sets

VG 6 δG

PG
X R Pm + jQm

VS 6 δS

Figure 3.15: Simplified two-bus network

This absence of load flow solution can be explained by means of a simple network rep-
resenting approximately the network considered in this study in which the loads as well
as the VAr compensator are not included for the sake of simplicity. Hence, this network
can be represented as a two-bus system as illustrated in Figure 3.15.

The voltage V G corresponds to the voltage at the terminals of the offshore generators,
and the resistance R and the reactance X are the equivalent impedances of the network.
Hence, the voltage V S of the ac voltage source can be expressed as:

V S =V G − jIX

=V G − j
(

Sm√
3 V S

)∗
X

(3.15)

thus neglecting the magnetising losses in the transformer. Hence:

V 2
S = V ∗s V G − jX

S
∗
m√
3

(3.16)

Considering that V S = Vx+ jVy and V G = VG, the previous equation can be rewritten
as:

V 2
S =V 2

x + V 2
y = (V x− jVy)VG − jX

(Pm − jQm)√
3

=VxVG − jVyVG − jX
Pm√

3
−XQm√

3

(3.17)

67



Regrouping the real and imaginary terms together gives the two following equations:{
V 2
x + V 2

y = VxVG −X Qm√
3

VyVG = −X Pm√
3

(3.18)

{
V 2
x − VxVG + V 2

y +X Qm√
3

= 0

Vy = − XPm√
3VG

(3.19)

This leads to:

V 2
x − VGVx +

(
XPm√

3VG

)2

+X
Qm√

3
= 0 (3.20)

The solutions of this second order polynomial in Vx can be expressed as:

Vx =

VG ±

√
V 2
G − 4

[(
XPm√

3VG

)2
+X Qm√

3

]
2

(3.21)

In order to obtain a valid solution for the real voltage term Vx, the following condition
must be satisfied:

V 2
G ≥ 4

[(
XPm√

3VG

)2

+X
Qm√

3

]
(3.22)

V 2
G

4
≥
(
XPm√

3VG

)2

+X
Qm√

3
(3.23)

X
Qm√

3
≤
V 2
G

4
−
(
XPm√

3VG

)2

(3.24)

Qm ≤
√

3V 2
G

4X
− X√

3

(
Pm
VG

)2

= Qmax (3.25)

This equation means that the reactive power consumption Qm of the electrical network
must be less than a defined limit Qmax for a valid load flow solution to exist. Assuming
that the voltage VG ≈ 1.0 pu, this reactive power consumption is calculated approximately
as:

Qm =3XI2 = 3X

(
PG√
3VG

)2

=3× 41.0

(
PG√

3 1.0× 38× 103

)2
(3.26)

Figure 3.16 shows both the reactive power consumption Qm and the maximum limit
Qmax. It appears clearly from this figure the condition Qm << Qmax is no longer satisfied
when the farm’s active power PG is approximately greater than 15 MW. This means that
no valid load flow solution exists above this power level. This is in a relatively good
agreement with what is observed with PowerFactory, where no load flow can be calculated
from an active power PG equal to 20.7 MW.
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Figure 3.16: Reactive power consumption of the network Qm and maximum limit Qmax
as a function of the farm’s active power PG

3.5 Conclusions

This chapter presents a simplified analytical case study conducted in the early stages of
this thesis. It investigates the grid compliance of an idealised 10 MW farm with respect
to the voltage limits, the maximum amplitude of the voltage variations and the flicker
level requirements as defined by the Irish distribution system operator, ESB. Additional
aspects such as power losses, and the voltage profile are also presented.

It was demonstrated that the 10 MW farm is not compliant with respect to the max-
imum amplitude of the voltage variations, as a voltage difference exceeding 4% may be
induced by the power fluctuations generated by the wave farm. The requirements in terms
of voltage limits as well as in terms of flicker level were on the contrary met, although
both these limits may be exceeded for a farm of a slightly greater rated power. The loss of
the entire farm proved not to represent a stability issue in terms of voltage step, although,
in similar fashion to the voltage limits and flicker level, this may no longer be proved
true for farms of higher rated power. Further studies on the grid compliance of a wave
farm were conducted and are presented in Chapters 4 and 6. In these latter studies, the
electrical power profile of each of the generators included in the model was modelled based
on experimental time series.

The overall efficiency of the network up to the PCC was shown to be equal to 92%
on average with significant deviation when the fluctuating power profile of the farm is
taken into account. Hence, power losses fluctuate around 8% which is relatively signifi-
cant. More detailed studies on power and energy losses based on the experimental time
series mentioned in the previous paragraph were conducted and are presented in Chapter 5.

The wave farm compliance was assessed based on the grid code requirements defined
by the Irish grid operator. It may interesting however to reflect on the relevance of these
requirements, and in particular on these regarding the power factor, the amplitude of the
voltage variations and the flicker level. Applying a lagging power factor is intended to mit-
igate the voltage rise induced by the power flow reversal, itself created by the connection
of a power plant to the distribution network. However, this may on the contrary induce
greater voltage variations if the farm is connected to a sufficiently reactive network, as it
is the case in this study. Hence, the selection of the power factor to be applied at the
PCC should be based on different criteria that those currently used by the grid operator.
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Otherwise, this may hinder the grid integration of renewable power plants to be connected
at the distribution level. This aspect is discussed in more detail in Chapters 4 and 6.

Another point which should be discussed regards voltage variations as induced by the
power fluctuations of a wave farm. They may be extremely rapid compared to the power
fluctuations either generated or absorbed by more conventional power plants or loads re-
spectively. Hence, it would be interesting to define whether wave farm power fluctuations
should be qualified as rapid voltage fluctuations or as voltage steps, with all the conse-
quences this may have on the assessment of the farms’ compliance with current grid code
requirements. Determining the impact these fluctuations have on generator stability may
help getting rid of this ambiguity.

Finally, it may be interesting to reconsider the flicker limit as imposed by the Irish
grid operator. This operator enforces currently the most stringent limit recommended by
IEC standard 61000-3-7 in terms of flicker level, while other grid operators enforce more
permissive limits as described in Chapter 4. In addition, although this very stringent limit
is applied for the individual contribution of a wave farm, no limit is specified regarding the
total flicker level not to be exceeded at a given connection point. However, using a limit in
terms of total flicker level, in complement to the individual limit, may help maximise the
power capacity that can be connected to a given point. For instance, in locations where
a low background flicker level is present before the connection of a wave farm, the flicker
level limit assigned for the farm may be increased accordingly. In conclusion, it is possible
that the excessive requirements of the Irish grid operator on that matter may hinder the
large-scale development of the ocean energy industry in Ireland.
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Chapter 4

Grid impact of a medium size
wave farm

4.1 Introduction

As mentioned in the state-of-the-art, it is difficult to draw general conclusions from the
limited number of existing studies on the grid impact of a wave farm as they present
numerous differences. Hence, a comprehensive grid impact analysis regarding a 20 MW
wave farm was conducted. The results are presented in this chapter.

4.2 Modelling

4.2.1 Modelling of the electrical network

Figure 4.1 shows a schematic overview of the grid model used for this study. It is based
on the concept design of the Atlantic Marine Energy Test Site (AMETS) off Belmullet,
Ireland [70] which was presented in Chapter 3. As this test site presents design character-
istics common to current and planned test sites developed in the UK (WaveHub [78] and
EMEC [79]) and in Spain (bimep [80]), it can be considered to represent a typical test site.

It includes the wave farm’s network, the existing local network and the rest of the
national/regional power system, modelled as a 38 kV voltage source in series with an
impedance ZS . The simulations were performed for different short-circuit ratios and
impedance angles Ψk. This is achieved by varying the values of the Thevenin resistance
RS and reactance XS . The short-circuit level SSC considered in this study ranges between
58 MVA and 14 GVA, which corresponds to an impedance ZS ranging between 25 Ω and
0.1 Ω respectively.

Four impedance angles Ψk equal to 30◦, 50◦, 70◦ and 85◦ as specified in IEC standard
61400-21 were used. These impedance angles cover the entire range of typical values. For
the sake of comparison, compliance tests with respect to power quality requirements were
performed for five different test sites whose characteristics are shown in Table 4.1. Three
additional, arbitrarily selected sites on the west coast of Ireland were also investigated in
order to provide a more comprehensive overview of the power quality impact all over the
island. The locations of all these sites are shown in Figure 4.2.
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Figure 4.1: Schematic overview of the electrical network model
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Figure 4.2: Location of the different potential sites. 1-Belmullet, 2-Achill Island, 3-
Grallagh, 4-Killard, 5-Dingle, 6-Doory

Both the Sustainable Energy Authority of Ireland (SEAI) [70] and the WestWave
consortium [81] envisage the connection of a wave farm at Belmullet for their respective
projects. Achill Island and Killard are two other potential locations which are investigated
by the latter. Killard, located relatively close to a large coal-fired power plant as well as
to a 400 kV connection point, presents a higher short-circuit level and impedance angle
than any of the other Irish sites, whose low short-circuit levels are typical of the sparsely
populated, rural areas of the north-west of Ireland. The WaveHub is a test site currently in
operation in Cornwall, UK, which is awaiting the installation of its first devices. It is also
located at a small distance from a 400 kV connection point, which justifies its high short-
circuit level. The Spanish Biscay Marine Energy Platform (bimep) presents the strongest
grid both in terms of short-circuit level and impedance angle and will be located off the
Basque country. All of these test sites are currently designed or planned to be operated
for a maximum power capacity of 20 MW.

In addition to these official test sites, three additional sites off the Irish western coast
which present also high wave energy resources were investigated as mentioned earlier.
These potential sites are located off Grallagh, close to Clifden, County Galway, off Doory
and off Dingle, both in County Kerry. It must be noted that, due to similarities in terms
of power system architecture and of typical short-circuit levels between the rural areas of
Ireland and of Scotland, the results obtained for Belmullet, Achill Island, Grallagh and
Doory are expected to be relatively similar to those of potential sites located in this latter
region. This parallel is interesting to establish as these two regions present the highest
wave energy potential in Europe.

It must be noted that, with the exception of the bimep test site whose characteristics
were provided by courtesy of the Basque Energy Agency, Ente Vasco de la Energia, the
short-circuit level and impedance angle at the other sites are estimated. This estimation
is based on the short-circuit level SSC110 and impedance angle at the closest 110 kV (for
the Irish test sites) or 400 kV (for the WaveHub) connection point, as provided by their
respective grid operators [36, 37]. However, the test sites are connected at distribution
level, either at 38 kV in the case of the Irish test sites, or at the 33 kV level in the case of
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Test site Country SSC (MVA) SSC/Sfarm Ψk (◦)

Achill Island Ireland 57 2.9 67
Belmullet Ireland 63 3.2 69
Grallagh Ireland 85 4.4 68
Doory Ireland 97 5.0 73
Killard Ireland 160 8.2 81
Dingle Ireland 191 9.8 80

WaveHub UK 626 32.3 78
bimep Spain 4500 232.0 90

Table 4.1: Short-circuit characteristics at the terminals of the different potential test sites

the WaveHub. Hence, the short-circuit level at the distribution level node must take into
account the impedance between this node and the transmission level node. This impedance
is assumed to consists mainly of the impedance ZT of one or more transformers and of the
impedance ZL of one or more overhead lines. The impedances at the WaveHub and bimep
terminals are converted into equivalent impedances at 38 kV, which corresponds to the
voltage level used in the network model. In the case of the Irish test sites, the equivalent
impedance ZS is thus calculated as:

ZS = ZSC110

(
38.103

110.103

)2
+ ZT + ZL

= 110.103√
3 ISC110

(
38.103

110.103

)2
+ ZT + ZL (4.1)

where ISC110 is the short-circuit current at the 110 kV level. The transformers impedance
for both the Irish test sites and the WaveHub is estimated from data available from grid op-
erators and from typical values, as is the per kilometer impedance of overhead lines [72–76].

The impedance of the overhead lines connecting the different test sites is calculated
from the product of this per kilometer impedance by the length of each overhead line. In
the case of the Irish test sites, the length of the different overhead lines connecting the
110 kV node to the 38 kV node is estimated based on the 38 kV network map shown in
Figure 3.4b.

In the case of the WaveHub, information at the closest 400 kV connection point only
was available. This connection point, which is named “Indian Queens”, is shown in
Figure 4.3. A 132 kV overhead line whose length is estimated at 46 km connects this
node to the town of Hayle, where the voltage is stepped down to 33 kV. The equivalent
impedance ZS for the WaveHub can thus be expressed as:

ZS = ZSC400

(
38
400

)2
+ ZT132/400

(
38
132

)2
+ ZL

(
38
132

)2
+ ZT33/132

(
38
33

)2
= 400√

3 ISC400

(
38
400

)2
+ ZT132/400

(
38
132

)2
+ ZL

(
38
132

)2
+ ZT33/132

(
38
33

)2
(4.2)

where ISC400 is the short-circuit level at the 400 kV level, ZT132/400 is the impedance of the

132/400 kV transformer expressed at the 132 kV level, ZL is the impedance of the 132 kV
overhead line and ZT33/132 is the impedance of the 33/132 kV transformer expressed at the
33 kV level.
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Figure 4.3: Southern part of the British 400 kV transmission system

The power factor applied at the point of common coupling (PCC) is equal to unity
in the base case, according to typical grid operators’ requirements. Simulations were also
performed for different power factors to study the influence of this parameter on voltage
and flicker level.

4.2.2 Discussion on the modelling method

The method described in the previous section to estimate approximately both the equiv-
alent short-circuit level SSC and the equivalent impedance angle Ψk at the high voltage
side of the 20/38 kV transformer does not take into account the consumption of the loads
between this node and the 110 kV (or 400 kV) connection point, as this data is usually un-
available. This leads however to a negligible underestimation of both the impedance angle
Ψk and of the short-circuit level SSC for both the UK and Irish test sites, as demonstrated
in Appendix A.

4.2.3 Summary

In summary, this model is intended to represent a typical wave farm connected to nodes
presenting a typical range of short-circuit ratios and impedance angles Ψk.

4.2.4 Modelling of the wave farm power output

Experimental data

Experimental data in the form of electrical power output time series were provided as an
outcome of the project CORES, standing for “Components for Ocean Renewable Energy
Systems”. This FP7 European collaborative research project focused on the development
of new concepts and components for power-take-off, control, moorings, risers, data acqui-
sition and instrumentation for floating wave devices [82]. The project itself was based on
a floating OWC-type system and spanned over more than 3 years, between April 2008
and December 2011. The quarter-scale OWC prototype used in the project was deployed
offshore from March to May 2011.

The device was connected to a small on-board island grid independent from the national
electrical network. Figure 4.4a shows the on-board operating and monitoring system. The
on-board grid was maintained by three fully-rated power electronic converters and the
generated power was used to charge the on-board battery system, or dissipated in resistive
load banks. A variable-frequency converter and a diesel generator were also included.
Figure 4.4c shows the electrical system included in the prototype while Figure 4.4b shows
the OWC deployed offshore.
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(a) On-board operating and monitoring system (b) Prototype deployed in Galway Bay, Ireland

(c) Electrical system of the prototype

Figure 4.4: OWC quarter scale prototype used in project CORES

Production period Full-scale Hs (m) Full-scale Tz (s) Energy level

A 5.0 8.4 high
B 2.1 5.6 medium
C 1.1 7.0 low

Table 4.2: Characteristics of the different production periods

The project has allowed the ocean energy research community to gain significant prac-
tical experience in the deployment, operation, maintenance of offshore ocean energy con-
verters. It has also generated a considerable amount of time series data on a number of
parameters, including electrical parameters at a high temporal resolution of 0.1 s. Con-
trary to most available data which is averaged over a sea-state, a season or even a year, the
CORES electrical power time series data can be scaled and used directly for grid impact
studies. Three time series, whose characteristics are shown in Table 4.2, were selected in
order to represent high, medium and low energy sea-states, and are referred to as “produc-
tion periods A, B and C” in the rest of this thesis. The scatter diagram of the Belmullet
test site is shown in Figure 4.5.

During these three production periods, the generator was operated in constant speed
control mode which implies that, unlike in variable speed operation, inertial energy storage
by means of speed control is not available. As a result, mechanical power peaks are
converted directly into electrical power peaks, which is expected to represent a worst
case from a power quality perspective. Figures 4.6a to 4.6c show the full-scale equivalent
electrical power time series for each production period.
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Figure 4.5: Scatter diagram of the Belmullet test site [13]

Extrapolation to a multi-device farm

Device layout

The wave farm is modelled based on 22 wave devices, leading to a full-scale rated power
of 19.4 MW. However, for the sake of clarity, the farm rated power for this number of gen-
erators will be expressed as its rounded value (20 MW) in the rest of the thesis. The power
profile of each generator is based on the individual electrical power time series presented
in Figures 4.6a to 4.6c. A random time delay is applied to each generator’s power profile
but one, taken as the reference, in order to represent the effect of device aggregation on
the power output of the farm.

Each time delay ∆Ttotal consists of a constant time delay ∆T corresponding to a
constant inter-WEC distance D, to which a variable time delay ∆Ti is subtracted as:

∆Ttotal = ∆T −∆Ti (4.3)

This latter time delay is intended to introduce a certain degree of randomness in the
layout of the devices within the farm, and corresponds to a variable distance ∆Di, as
shown in Figure 4.7. The inter-WEC distance D is usually envisaged to be of the order of
magnitude of hundreds of meters, ranging typically between 200 m and 500 m [83]. Each
WEC group (that is, connected to the same submarine cable) consists of a maximum of
5 to 6 WECs which may not all be located side-by-side. Hence, the distance between the
reference WEC and all the other WECs of the group can be as high as D=1000 m, to
which the variable distance ∆Di which ranges between 0% and 60% of D, is subtracted.
This leads to an inter-WEC distance D-∆Di ranging between 400 m and 1000 m.

Time delays are calculated based on the wave group speed vg which can be estimated
from the energy period Te of a given sea-state as [11]:
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(a) Production period A

(b) Production period B

(c) Production period C

Figure 4.6: Individual power profiles for production periods A, B and C
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Figure 4.7: Schematic illustration of the time delay estimation method

vg =
gTe
4π

(4.4)

As mentioned in Chapter 1, the use of the energy period Te, as opposed to the more
common parameters such as the peak period Tp or the zero-crossing period Tz, is justified
as being more representative of the energy propagation speed between two WECs. Each
time delay ∆T and ∆Ti is thus calculated as:

∆T =
D

vg
=

4πD

gTe
and ∆Ti =

∆Di

vg
=

4π∆Di

gTe
(4.5)

Half of the wave devices are to be located at 16 km from the shore while the remaining
half will be placed at a closer distance of 6.5 km, as indicated in Chapter 3. Hence, it is
necessary to take this difference in terms of distance into account by adding another time
delay ∆T ′ to ∆Ttotal for the generators connected to the 6.5 km long cable as:

∆Ttotal = ∆T −∆Ti + ∆T ′ (4.6)

If ∆T ′ were calculated in similar fashion to ∆Ttotal, that is based on the 10 km dis-
tance and on the typical wave group velocity vg, it would be of the order of magnitude
of thousands of seconds. However, the maximum duration of the experimental time series
data provided as an outcome of the CORES project is much shorter. It was thus decided
to set ∆T ′ to a value greater the time delay ∆T but reasonably small in order to perform
sufficiently long power system simulations. This value was set arbitrarily to 110% of the
time delay ∆T . This eliminates the possibility of two generators located 10 km apart
outputting the same power profile.

As mentioned in Chapter 1, information on the energy period Te for each of the pro-
duction periods considered was supplied as part of the CORES project in the form of
the mean zero-crossing period Tz to which Te is proportional by a factor ranging between
0.71 and 0.83 with respect to the Belmullet test site [13]. An average value of 0.77 was
selected for the studies. Five different time delay sets were used in order to model five
different device layout combinations. The maximum and minimum voltage values retained
for the study are defined as the maximum and minimum values obtained over these five
simulations respectively. In similar fashion, the maximum flicker levels retained for the
study are the maximum values obtained over these five simulations as well.
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Figure 4.8: Wave power rose in western Europe [84]

Farm orientation compared to the dominant wave direction

Two different orientations of the farm with respect to the dominant wave direction
were also simulated in order to determine the impact of this parameter on the quality of
the farm power output. Although the wave direction is relatively constant throughout the
year, it may vary widely over shorter periods of time that are yet long enough to give rise
to power quality issues. This is illustrated by Figure 4.8 which presents the distribution
of the wave power with respect to the dominant wave direction off western Europe.

The two orientations considered in this work constitutes a best and a worst case with
respect to power quality. In the worst case, the wave front propagates perpendicularly to
the alignment axis of the wave group, hitting all the WEC group laterally, as shown in
Figure 4.9a. This orientation will thus be referred to as “lateral orientation” in the rest
of this thesis. In this case, wave devices connected to the same cable generate the same
power profile as it is the case for Generators A and C, while Generator B, connected to
another cable has a different power profile. This is illustrated in Figures 4.10b, 4.10d and
4.10f. The power transported by a particular submarine cable is thus not smoothed as all
the generators output the same power peak at the same time. As a result, power varia-
tions are expected to be higher in amplitude, and so are the voltage variations. However,
generators connected to two different submarine cables show a power profile shifted by
a defined time delay. Hence, the beneficial power smoothing effect expected from device
aggregation is minimal here.

In the other case, considered as a best case from a power quality perspective, the
wave front propagates in parallel to the alignment axis of the WEC group, as shown in
Figure 4.9b. The corresponding orientation will be referred to as “frontal orientation”. In
this case, all generators connected to the same submarine cable show a different power
profile which is shifted by a different time delay. The power profile of generators connected
to different submarine cables is similar though. For instance, Generators A and B present
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(a) Lateral orientation (b) Frontal orientation

Figure 4.9: Schematic diagrams of the farm indicating the two orientations (compared to
the dominant wave direction) considered in this work

(a) Cable 1, Generator A (b) Cable 1, Generator A

(c) Cable 1, Generator C (d) Cable 1, Generator C

(e) Cable 2, Generator B (f) Cable 2, Generator B

Figure 4.10: Individual power profiles of three generators indicated in Figures 4.9a and 4.9b
for the frontal (left) and for the lateral (right) farm orientation
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the same power profile as they are connected to two different submarine cables, whereas
the power profile of Generator C, which is connected to the same cable as Generator A, is
different. This is illustrated in Figures 4.10a, 4.10c and 4.10e. Hence, the beneficial power
smoothing effect expected from device aggregation is more important in this case.

4.3 Theoretical analysis

In order to provide a benchmark for the results obtained with the power system simu-
lator “PowerFactory”, theoretical load flow analyses, based on a simplified form of the
power system considered in this work, were performed. An algorithm, developed and
implemented in Matlab for the purpose of this thesis, is based on the Newton-Raphson
algorithm typically used for solving load flow problems.

4.3.1 Introduction

The farm’s electrical network includes four submarine cables of different lengths. In order
to simplify the load flow problems, a modified version of the considered electrical network
was created for the purposes of this theoretical study in which the length of each cable
(originally equal to either 6.5 km or 16 km) is replaced by an average length of 11.25 km.
In this case, the voltage VG 6 δG at all of the four generators’ busses is equal, provided that
these generators output the same amount of power. This approach seems relevant as the
difference in terms of voltage at the PCC between the original model and the simplified
model is negligible for a majority of the short-circuit ratios and impedance angles Ψk

considered, as shown in Figure 4.11, and does not exceed 0.8% for the weakest networks.
The diagram of the corresponding electrical network is shown in Figure 4.12.

Figure 4.11: Voltage at the PCC as obtained from the original electrical network model
and from the simplified model where all the cable lengths are equal

This network can be reduced to the approximately equivalent system shown in Figure 4.13.
In this figure, ZG = RG + jXG is the equivalent impedance of the part of the electrical
network going from the generators up to the point of common coupling, excluding the
impedance corresponding to the load L′ and to the two parallel capacitances of each sub-
marine cables. Given that this model is used for studying the grid impact of the farm
when it outputs its maximum active power, the active and reactive power consumptions
of the load can usually considered as negligible compared to the powers flowing through
bus BL′ . In addition, given the high impedance of the parallel capacitances compared to
the series impedance of the submarine cables, their presence was assumed to have little
influence on the local voltages.
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Figure 4.12: Electrical diagram of the entire network considered in this work
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PG

VG 6 δG

XG RG

VPCC 6 δPCC

Qcomp

P ′PCC + jQ′PCC
XT3

Vd 6 δd

L

XS RS

VS 6 δS

Figure 4.13: Simplified form of the electrical network used for the theoretical load flow analyses
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Bus Number Known parameter Bus type Variable to be assumed

BS 1 VS , δS slack bus -
BL 2 PL, QL PQ VL, δL

BPCC 3 Q′PCC=0 MVAr PQ VPCC , δPCC , Qcomp
BG 4 PG, QG=0 MVAr PQ VG, δG

Table 4.3: Summary of the considered load flow problem

In the case where the voltage at the PCC is to be determined when the farm is dis-
connected, for instance for evaluating the maximum voltage step induced by a sudden
disconnection of the wave farm, the model shown in Figure 4.14 is used. Both models
working on the same principle, the general description of the method used in this work for
solving the load flow problems is applicable to both. However, for the sake of clarity and
concision, the method is detailed only for the first model which is used to determine the
voltage at the PCC when the farm outputs its maximum active power.

The load flow problem must be solved by an iterative method as it contains too many
unknowns, as shown in Table 4.3. The Newton-Raphson algorithm, which is commonly
used in power system simulators, was selected to perform the theoretical analyses.

Vc 6 δc

L′

I line
Xline Rline

VPCC 6 δPCC

Qcomp

XT3

Vd 6 δd

L

XS RS

VS 6 δS

Figure 4.14: Electrical diagram of the network considered in this work in the case where
the farm is disconnected

4.3.2 The Newton-Raphson algorithm applied to load flow problems

Introduction to the classical form of the Newton-Raphson algorithm

The Newton-Raphson method, named after Isaac Newton and Joseph Raphson, consists
of an algorithm intended to determine iteratively the root α of a real-valued function f :

f(α) = 0 (4.7)

Alternatively, (4.7) can be approximately determined by its first order Taylor series in
x0 as:

f(α) = f(x0) + f ′(x0)(α− x0)

0 = f(x0) + f ′(x0)(α− x0) (4.8)
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Figure 4.15: Illustration of the Newton-Raphson method for the estimating the root α

Iterations on the abscissa x are performed to find the value of the root α, as illustrated
in Figure 4.15. Although it may happen that the algorithm does not converge, and thus
does not provide the solution to a given problem, it has proven to be relatively robust
with respect to load flow problems. The roots xj can be expressed mathematically as:

xj+1 = xj −
f(xj)

f ′(xj)
(4.9)

The iterations are stopped when the difference between the terms xj+1 and xj is less
than a pre-defined limit εx, which can be expressed as:

|xj+1 − xj | ≤ εx (4.10)

Application to load flow problems

The Newton-Raphson method is usually very efficient in solving load flow studies which
may present usually a large number of unknowns in terms of voltages Vi, angles δi, and
powers Pi and Qi at each node i of the system. The application of the method for a root
x and a function f as described in the previous section can be generalised to a number
of unknowns xi contained in an array x, and for a number of function fi contained in an
array f, which can be expressed as:

x =

x1
...
xn

 (4.11)

and

f =

f1
...
fn

 (4.12)

In the case of load flow problems, the unknowns xi are the voltage Vi and the angle δi
of each PQ node i, the other unknowns being calculated afterwards once these variables
are defined. The corresponding array of unknowns x can be expressed as:
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x =



δ2
...
δn
V2
...
Vn


(4.13)

The functions fi, which are equal to zero provided that the correct values for the
unknowns xi are found, represent the difference in terms of both active and reactive power
at each node (as calculated by the algorithm at a given iteration) and the scheduled active
and reactive powers. The array f, referred to as the mismatch array in this thesis, can be
expressed as:

f =



∆P2
...

∆Pn
∆Q2

...
∆Qn


(4.14)

The parameters of the slack bus, whose index i is equal to 1, must not be included in
the iteration process, as its voltage is known. Hence, calculations are performed for busses
whose index i is greater than or equal to 2. The active and reactive powers Pi and Qi
flowing through each node i can be expressed as a function of the voltages at bus i and at
its neighbour bus(ses) k, as well as from the admittance Y ik between each of these busses,
as shown below:

Pi + jQi = Si = V iI
∗
i

= V i

(
n∑
k=1

Y ik V k

)∗

= V i

n∑
k=1

Y
∗
ik V

∗
k (4.15)

The admittance Y ik can be decomposed into a real part and an imaginary part as:

Y ik = Gik + jBik (4.16)

Hence, the power balance equations described in (4.15) can be rewritten as:

Pi + jQi = V i

n∑
k=1

Y
∗
ik V

∗
k

=

n∑
k=1

|V i||V
∗
k|ejδik(Gik − jBik) (4.17)

The active and reactive powers Pi and Qi flowing through each node i can be calculated
by separating the real terms from the imaginary terms in (4.17) as:
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Pi =

n∑
k=1

|Vi||Vk|(Gikcosδik +Biksinδik) = PGi − PDi (4.18)

Qi =

n∑
k=1

|Vi||Vk|(Giksinδik −Bikcosδik) = QGi −QDi (4.19)

where PGi and PDi are the scheduled active powers generated and absorbed at node i
respectively. In similar fashion, QGi and QDi are the scheduled reactive powers generated
and absorbed at node i. The powers Pi and Qi being recalculated at each iteration (v),

they should be expressed P
(v)
i and Q

(v)
i . At each iteration, the mismatch between these

scheduled power and the powers P
(v)
i and Q

(v)
i as calculated by the algorithm is evaluated

within the mismatch array f which can finally be expressed as:

f(v) =



P
(v)
2 − PG2 − PD2

...

P
(v)
n − PGn − PDn

Q
(v)
2 −QG2 −QD2

...

Q
(v)
n −QGn −QDn


(4.20)

As mentioned earlier, the derivative of f(v) is necessary for the calculations. This

derivative consists of a sum of partial derivatives of powers P
(v)
i and Q

(v)
i with respect to

the voltages Vi and the angles δi, which can be expressed as:

∂Pi
∂δi

=
n∑
k=1
k 6=i

|Vi||Vk|(−Giksinδik +Bikcosδik) (4.21)

∂Pi
∂Vi

=
n∑
k=1
k 6=i

|Vk|(Gikcosδik +Biksinδik) + 2|Vi|Gii (4.22)

∂Qi
∂δi

=

n∑
k=1
k 6=i

|Vi||Vk|(Gikcosδik +Biksinδik) (4.23)

∂Qi
∂Vi

=
n∑
k=1
k 6=i

|Vk|(Giksinδik −Bikcosδik)− 2|Vi|Bii (4.24)

∂Pi
∂δk

= |Vi||Vk|(Giksinδik −Bikcosδik) (k 6= i) (4.25)

∂Pi
∂Vk

= |Vi|(Gikcosδik +Biksinδik) (k 6= i) (4.26)

∂Qi
∂δk

= −|Vi|(Gikcosδik −Biksinδik) (k 6= i) (4.27)

∂Qi
∂Vk

= |Vi|(Giksinδik −Bikcosδik) (k 6= i) (4.28)
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Finally, the array of unknows x(v+1) at the (v + 1)th iteration can be expressed as:

x(v+1) = x(v) −
(
J(v)

)−1
f(v) (4.29)

where J(v) is the Jacobian matrix of array f(v) which can be written as:

J(v) =



∂P
(v)
2

∂δ2
. . .

∂P
(v)
2

∂δn

∂P
(v)
2

∂V2
. . .

∂P
(v)
2

∂Vn
...

...
...

∂P
(v)
n

∂δ2
. . . ∂P

(v)
n

∂δn
∂P

(v)
n

∂V2
. . . ∂P

(v)
n

∂Vn

∂Q
(v)
2

∂δ2
. . .

∂Q
(v)
2

∂δn

∂Q
(v)
2

∂V2
. . .

∂Q
(v)
2

∂Vn
...

...
...

∂Q
(v)
n

∂δ2
. . . ∂Q

(v)
n

∂δn
∂Q

(v)
n

∂V2
. . . ∂Q

(v)
n

∂Vn


(4.30)

The iterations are stopped when the difference between the scheduled active and re-

active powers, equal to PGi-PDi and to QGi-QDi respectively, and the powers P
(v)
i and

Q
(v)
i calculated by the algorithm is less than a pre-defined limit ε, which can be expressed

mathematically as:

|f (v)
i | ≤ ε ∀ i (4.31)

Iterative algorithm regarding the reactive power generation/absorption of the
VAr compensator

Using the Newton-Raphson algorithm requires to know the active and reactive powers
flowing to or from each PQ node i. However, this is not the case in the load flow problem
considered in this study, as the reactive power absorption/generation of the VAr compen-
sator which is connected to the PCC depends on the active and reactive power flowing
from the farm’s electrical network. Hence, it cannot be defined prior to the iterative pro-
cess. In order to solve this problem, a second iterative algorithm was developed to be used
in conjunction with the Newton-Raphson algorithm.

This additional iterative algorithm is intended to determine the amount of reactive
power Qcomp to be either generated or absorbed by the VAr compensator. The principle
of this algorithm consists of assuming an initial value for the amount of reactive power
Qcomp, solving the load flow problem based on this value, calculating then the actual re-
active power either absorbed or generated by the farm’s electrical network from which a
more refined estimation of the actual value of Qcomp is determined. Based on this new
value of Qcomp, another load flow is solved and so on until the difference between the value
of Qcomp at the (w + 1)-th and at w-th iterations is less than a pre-defined limit εQ. This
algorithm can be summarised as:

While |Q(w+1)
comp −Q(w)

comp| ≥ εQ
While |f (v)

i | ≥ ε
Solve load flow by means of the Newton-Raphson algorithm

End
Compute the VAr compensator’s reactive power generation/absorption Qcomp

End
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4.3.3 Application to the different load flow problems considered in this
thesis

The theoretical load flow analyses performed with the algorithm described in the previous
section are based on the simplified network model shown in Figure 4.13. The admittance
matrix Y, the array of unknowns x and the mismatch array f applicable to this network
are described in the following sections.

Admittance matrix Y

The admittance matrix Y corresponding to the simplified form of the electrical network
considered in this thesis can be expressed as follows:


I1

I2

I3

I4

 =


Y 12 −Y 12 0 0

−Y 12

(
Y 12 + Y 23

)
−Y 23 0

0 −Y 23

(
Y 23 + Y 34

)
−Y 34

0 0 −Y 34 Y 34



V 1

V 2

V 3

V 4



=



1
ZS

− 1
ZS

0 0

− 1
ZS

(
1
ZS

+ 1
ZT3

)
− 1
ZT3

0

0 − 1
ZT3

(
1
ZG

+ 1
ZT3

)
− 1
ZG

0 0 − 1
ZG

1
ZG



V 1

V 2

V 3

V 4

 (4.32)

where ZS = RS + jXS , ZG = RG + jXG and ZT3 = jXT3 .

Array of unknowns x

Given that all the busses in the electrical network can be considered as PQ nodes with the
exception of the slack bus, the array of unknowns x at the v-th iteration can be expressed
as:

x(v) =



δ
(v)
2

δ
(v)
3

δ
(v)
4

V
(v)

2

V
(v)

3

V
(v)

4


(4.33)

The typical “flat start” method was used to initialise the Newton-Raphson algorithm.
It consists of assuming that all the angles δi and all the voltages Vi equal to 0◦ and 1.0 pu
respectively at all the PQ nodes. Hence, the array of unknowns x(0) prior to the first
iteration can be expressed as:

x(0) =



0
0
0

1.0
1.0
1.0

 (4.34)

90



Mismatch array f

Based on the scheduled active and reactive power flowing to or from each node, as defined in
Table 4.3, the mismatch array f(v) at each iteration corresponding to the studied electrical
network can be expressed as:

f(v) =



P
(v)
2 − PL
P

(v)
3

P
(v)
4 − PG

Q
(v)
2 +QL

Q
(v)
3 −Q

(v)
comp

Q
(v)
4


(4.35)

The initial value of the VAr compensator’s reactive power absorption/generation Qcomp
is set to 0 MVAr.

Computation of the amount of reactive power absorbed by the wave farm

The farm’s electrical network, with the exception of the generators, is represented as load.
Considering that the generators operate at unity power factor, the total current IG flowing
from them can be expressed as:

IG =
PG√
3 V G

(4.36)

The voltages V a and V b at the busses Ba and Bb respectively can be calculated as:

V a = V G − j (XT1)
IG
4

(4.37)

V b ≈ V a −
IG
4

(Rc + jXc) (4.38)

Assuming that V
′
a ≈ V a, the current Ia flowing from the capacitance C/2 can be

expressed as:

Ia =
V a√

3 Z
C/2

(4.39)

where the shunt impedance Z
C/2

can be expressed as:

Z
C/2

=
1

2πC2 fe
=

1

πCfe
(4.40)

and fe is the grid frequency. The corresponding reactive power Qa generated by the
capacitance C/2 of a single submarine cable can be expressed as:

Qa = −3Z
C/2
I2
a (4.41)

In similar fashion, the current Ib can be calculated by assuming that V
′
b ≈ V b as:

Ib =
V b√

3 Z
C/2

(4.42)
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which corresponds to an amount of reactive power Qb equal to:

Qb = −3Z
C/2
I2
b (4.43)

The current flowing through the series reactance Xc of the submarine cables is equal
to 4Ia + IG, so the reactive power absorbed by this impedance is equal to:

Qc = 3Xc

∣∣4Ia + IG
∣∣2 (4.44)

Finally, the reactive power Qcablei absorbed by the four submarine cables is equal to:

Qcable = 4Qa + 4Qb +Qc (4.45)

As defined by the load convention, a positive value of the reactive Qcable corresponds
to the cable absorbing reactive power, while a negative value corresponds to the cable
generating reactive power. The total active power lost by the four submarine cables can
be expressed as:

Pcable = 3Rc
∣∣4Ia + IG

∣∣2 (4.46)

The current I
′
G flowing through bus Bb can be calculated as:

I
′
G = IG + 4

(
Ia + Ib

)
(4.47)

Hence, the voltage V c at bus Bc can be calculated as:

V c = V b − jXT2I
′
G (4.48)

where XT2 is the reactance of the 10/20kV transformer. The reactive power QT2 absorbed
by the 10/20kV transformer is equal to:

QT2 = 3XT2I
′2
G (4.49)

It is necessary to calculate the current IL′ flowing to the load L′ to obtain the current
I line flowing through the overhead line. This current can be calculated from the active
and reactive powers PL′ and QL′ absorbed by the load as:

IL′ =

(
PL′ + jQL′√

3 V c

)∗
(4.50)

The current I line flowing in the overhead line is thus equal to:

I line = I
′
G + IL′ (4.51)

The active and reactive powers Pline and Qline absorbed by the overhead line can be
calculated as:

Pline = 3RlineI
2
line (4.52)

and

Qline = 3XlineI
2
line (4.53)

Finally, the active and reactive powers PPCC and QPCC flowing from the overhead line
to the PCC can be calculated as:

PPCC = PG − Pcable − Pline − PL′ (4.54)
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and

QPCC = − (QT1 +Qcable +QT2 +Qline +QL′) (4.55)

The reactive power Qcomp which must be generated by the VAr compensator is thus
equal to −QPCC .

Summary

This section introduced the Newton-Raphson method with which load flow problems are
usually solved. The application of this method to the load flow problem considered in
this thesis was detailed, as well as a simplified load flow programme developed as part
of this thesis which is intended to provide a sanity check for the results obtained with
PowerFactory.

4.4 Studied variables

As mentioned earlier, power plant managers must prove that their power plant complies
with a number of requirements, and among them standards related to power quality, in
order to be allowed grid connection. The following three power quality criteria, which are
directly applicable to wave farms and were analysed at the PCC, are examined in this
work:

− voltage step

− voltage limits (maximum and minimum)

− short-term flicker level Pst

The limits specified for each of these power quality criteria may differ among different
grid connection codes. A survey on several grid codes, recommendations and standards
was conducted in order to extract the most stringent as well as the most permissive limits
currently enforced. The compliance tests applied to the wave farm is based on both these
types of limit in order to be representative of the requirements enforced by a large number
of grid operators around the world.

4.4.1 Voltage step

The switching on, or off, of a power generation plant induces an instantaneous voltage
increase or decrease, also called voltage step, as illustrated in Figure 4.16. This step must
be limited below a specified amplitude to prevent any stability issue on, or deterioration
of other pieces of electrical equipment connected to the grid. Numerical values for this
limit found in four different grid codes and recommendations are shown in Table 4.4.

Code, standard or recommendation Region/country Limit

TAB-2008 Germany 2%

ESB’s Distribution Code Republic of Ireland 10%

National Grid’s Code and ER-P28 Great Britain 1%

Nordic Grid Code
East Denmark, Norway,

Sweden and Finland
3%

Table 4.4: Voltage step limits
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Figure 4.16: Illustration of the voltage step induced by the disconnection of a wave farm

The TAB [85], standing for Technische Anschlussbedingungen für den Anschluss an das
Mittelspannungsnetz (Technical Connection Requirements for the Connection at Distribu-
tion Level), constitutes a common reference for grid operators in Germany regarding the
connection at the medium voltage networks. This document recommends that the ampli-
tude of rapid voltage changes should not exceed 2%. The ESB’s Distribution Code [35] is
the official grid code of the Irish distribution system operator, ESB. In this code, although
no requirement is dedicated to voltage step, it is indicated that generators connected at the
110 kV level and whose power capacity exceeds 2 MW are required to remain connected
up to a voltage step not exceeding 10%. Given the increasing number of distributed gen-
eration plants connected at distribution level, this requirement is expected to be applied
at the 38 kV level as well, which is the voltage level considered in this work. Hence, a
limit equal to 10% was considered. The British National Grid’s Code [86], some of whose
requirements are based on the Engineering Recommendation P28 [87], requires that the
amplitude of a voltage step is limited to 1%. Finally, the Nordic grid code is a common
reference for the grid operators belonging to the former NORDEL group, i.e. East Den-
mark, Norway, Sweden and Finland [88].

As it was described above, the limits defined in the British and Nordic grid codes, as
well as in the German recommendation TAB concerns the maximum tolerated amplitude
of a voltage step induced on the local network. On the contrary, the limit defined in the
Irish grid code regards the maximum amplitude of a voltage step after which the power
generation plant must remain connected. This means that exceeding the former limit may
lead to a potential deterioration of the local power quality, while exceeding the latter may
have potentially serious implications on the operation and control of a power generation
plant, and consequently on the stability of the region powered by this plant.

Regarding the limits, the strictest 1% limit specified in the British grid code is applied
to “step changes which may occur repetitively”. Although this statement is not accom-
panied by a numerical value to determine the exact meaning of “repetitively”, it is not
believed to be applicable to the connections or disconnections of a wave farm, whose num-
ber is expected to be limited in time and restricted to events such as transitions between
stand-by and normal operation (and vice versa), emergency stops due to storm conditions,
and faults. Hence, the TAB limit of 2% represents the strictest requirement applicable to
a wave farm, closely followed by the 3% limit defined in the British and Nordic grid codes.
The compliance of the wave farm with the voltage step requirement was thus assessed
based on the 2% limit, which represents the most stringent limit and on the 10% limit
mentioned in the Irish distribution code, which constitutes the most permissive limit, as
summarised in Table 4.5.
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most permissive most stringent

Voltage step limit (pu) 10% 2%

Table 4.5: Most permissive and most stringent voltage step limits

4.4.2 Voltage limits

Under normal conditions, the voltage at the point of common coupling between the wave
farm and the rest of the network must remain within a specified voltage range defined by
lower and upper limits. This section presents an overview of the different limits which are
enforced by the grid operators or recommended in different standards.

The limits defined in standard EN 50160 [77] are the most permissive with an allowed
voltage range spanning from -10% to +10% during 95% of the week, thus allowing voltage
to go well below or above these values. However, the authors of this standard acknowledge
that a narrower range of ±5% may prevent voltage to be maintained at either the lower or
the upper limit for prolonged periods. Hence, standard EN 50160 should be considered as
defining minimum requirements which may not always prove to be sufficient to maintain
an acceptable level of power quality. The ENTSO-E “Network Code Applicable to All
Generators” [22] also defines allowed voltage ranges including a temporal limitation for
either the lower or upper ranges, or both, as shown in Table 4.6. This code gathers the
minimum requirements applicable in 34 different European states from 2014. This code
specifies that more stringent limits may also be issued by regional or national grid opera-
tors if deemed necessary. Current regional and national limits were thus also investigated
for the sake of completeness and are summarised in Table 4.7.

The application of time limitation is however relatively ambiguous in the case of a wave
farm which may induce regular voltage excursions of very limited duration. Although the
concept of time limitation is intended to avoid the voltage to be maintained persistently
below or above the nominal range for periods of time sufficiently long to damage power
quality significantly, it does not prevent voltage levels regularly reaching excessively low or
high values for short periods of time, which can have very negative consequences in terms
of power quality. Hence, requirements in terms of voltage range may need to be adapted

Synchronous area Voltage range (pu) Time period for operation

Continental Europe
0.85-0.90 60 minutes
0.90-1.118 unlimited
1.118-1.15 variable, but not less than

20 minutes

Nordic
0.90-1.05 unlimited
1.05-1.10 60 minutes

Great Britain 0.90-1.10 unlimited

Ireland 0.90-1.118 unlimited

Baltic
0.85-0.90 30 minutes
0.90-1.12 unlimited
1.12-1.15 20 minutes

Table 4.6: Allowed voltage ranges as defined in the ENTSO-E “Network Code for All
Generators” [22]
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in the perspective of wave energy grid integration to ensure sufficient power quality. How-
ever, this is beyond the scope of this chapter whose overall objective is to determine the
compliance of a wave farm based on a number of current power quality requirements. On
the other hand, determining the compliance of a wave farm based on the strict reading
of current grid code requirements would not only be taking an unreasonable advantage of
their ambiguity, inapplicability or irrelevance in the context of wave farms grid connec-
tion, but would also result in failing to assess its actual impact. A reasonable compromise
between these two stances was adopted in this chapter by considering only the voltage
ranges for which no time limitation is applied. This can be considered as conservative
conditions from a power quality perspective as a wave farm inducing the voltage at the
PCC to be less than the lower limit or to exceed the upper limit would be deemed to have
failed the compliance test.

Code, standard or recommendation Region/country
Lower limit

(pu)
Upper limit

(pu)

ESB’s Distribution Code [35]
Republic of

Ireland
-10%1 +11%2

National Grid’s Code [86] Great Britain -6% +6%

Regulation of 25/09/2000 [89] Poland -10% +5%

Contrat d’accès au réseau public
(detailed conditions for grid

connection) [90]
France -10%3 +10%3

Technical regulation 3.2.5 [91] Denmark -10% +10%

ENTSO-E Network Code [22]
Nordic area -10% +5%
Baltic area -10% +12%

Table 4.7: Voltage limits
1 Variable according to operating conditions
2 Depending on nominal voltage level
3 Information limited to a voltage level of 230 V

Both the most stringent and the most permissive sets of voltage limits were consid-
ered in the compliance test, namely -6% and +5%, and -10% and +12% respectively as
summarised in Table 4.8, in order to reflect the diversity of voltage limit requirements.

most permissive most stringent

Lower voltage limit (pu) -10% -6%
Upper voltage limit (pu) +12% +5%

Table 4.8: Most permissive and most stringent voltage limits

4.4.3 Flicker level

Introduction

Grid codes usually define the flicker limit in terms of the individual contribution of a
power plant to the total flicker level at the point of common coupling, or in terms of the
total flicker level at the PCC, as shown in Table 4.9. However, determining the flicker
compliance of a wave farm based on only one of these two limits is irrelevant. Using the
total flicker level at the point of common coupling as the base for any compliance test
necessitates having sufficient information on the flicker level prior to the connection of the
wave farm, which is usually unavailable. On the other hand, using the flicker emission
limit of Pst=0.35 for assessing grid compliance may be unrealistic as, with the exception
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Code, standard or
recommendation

Region/country Flicker level Pst Type

ESB’s distribution code
Republic of

Ireland
0.35 individual

National Grid’s code Great Britain 1.0 total

IEC 61000-3-7 N/A
0.351 individual
0.8 total

Nordic Grid Code
Norway, Sweden,

Finland, East
Denmark

1.0 total

Table 4.9: Flicker level limits
1 Minimum emission limits for a voltage level between 1 kV (excluded) and 35 kV (included)

Most permissive Most stringent

Pst 1.0 0.35

Table 4.10: Most permissive and most stringent flicker limits

of the Republic of Ireland, this constitutes the minimum flicker emission limit which a grid
operator is recommended to enforce, as defined in IEC 61000-3-7.

The standard defines also a method to determine the individual flicker limit to be as-
signed to a power plant. This limit represents a fraction of the total allowed flicker emission
at the connection point, which is estimated from the percentage of the plant’s rated power
compared to the total, already installed power capacity connected at this point. However,
this method may lead to unrealistically low flicker emission limits for installations having
a small rated power, which is the reason why a minimum flicker emission limit equal to
0.35 is defined.

The most stringent as well as the most permissive flicker limits equal to 0.35 and 1.0
respectively were selected for the compliance test, as summarised in Table 4.10. A total
flicker level at the point of common coupling smaller than 0.35 indicates that flicker is
not an issue and that the farm complies with the flicker level requirements in any case.
A flicker level ranging between 0.35 and 1.0 indicates on the contrary that flicker may be
an issue. In this case, detailed information on the background voltage variations at the
connection point considered are needed to draw more definitive conclusions. Exceeding
the 1.0 flicker level limit implies that the farm fails definitively to comply with the flicker
level requirements even with a minimum pre-connection flicker level.

4.5 Flickermeter design

4.5.1 Standards

IEC 61000-4-15

The computation of flicker level from voltage time series has been strictly defined in the
IEC standards 61000-4-15 [32] and 61400-21 [52]. The former standard defines the overall
design of a flickermeter while the latter describes a number of modifications to be brought
to this design for the analysis of flicker induced by wind farms. Flickermeters can be
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Variable Numerical value

κ 1.74802
λ 2π × 4.05981
ω1 2π × 9.15494
ω2 2π × 2.27979
ω3 2π × 1.22535
ω4 2π × 21.9

Table 4.11: Indicative filter parameter values for a 230 V lamp in a 50 Hz system

implemented either in a hardware or a software form and compute flicker severity levels
from voltage time series which may be generated either from field experiments or from
numerical simulations.

A flickermeter consists of 5 functional blocks, as shown in Figure 4.17. Blocks 1 to 4
compute the instantaneous flicker level from voltage time series, whereas Block 5 computes
the statistical index of flicker, Pst, referred to as flicker severity or flicker level. More specif-
ically, by scaling down the RMS voltage amplitude to a per-unit value with respect to the
time series mean RMS value, Block 1 extracts the fluctuations from the voltage time series.
This enables also the generalised use of the flickermeter for any voltage level. Luminous
intensity produced by an incandescent light bulb for a given voltage fluctuation is then
obtained by squaring the input voltage in Block 2. Blocks 3 and 4 simulate the physical
human perceptibility to light intensity variations by means of filters whose parameters
were defined based on experiments on groups of individuals. Perceptibility curves similar
to this shown Figure 4.18 were produced as an outcome of these experiments.

Two filters, whose transfer functions were developed based on these perceptibility
curves, emulate the human perceptibility. One filter reproduces the response of the eye to
light intensity variations, while another simulates the brain reaction to the nervous signals
generated by the eye. The resulting filter included in Block 3 presents the following transfer
function F (s):

F (s) =
kω1s

s2 + 2λs+ ω2
1

1 + s/ω2

(1 + s/ω3)(1 + s/ω4)
(4.56)

where s is the Laplace transform operator. The IEC standard 61000-4-15 provides indica-
tive values, which are shown in Table 4.11, for the parameters of these filters with respect
to a 230 V lamp used in a 50 Hz system.
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Figure 4.17: Functional representation of the IEC flickermeter [32]
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Figure 4.18: Amplitude of sinusoidal voltage variations giving a flicker level Pst equal to
unity. The orange-shadowed area indicates the frequency range of the voltage fluctuations
potentially induced by a wave farm.

IEC 61400-21

As small voltage variations as induced by wind farms are not taken into account accurately
enough with the base design of the flickermeter described in the IEC standard 61000-4-15,
the IEC standard 61400-21 recommends to increase the number of classes of the classifier
contained in Block 5 from 64 to 6400. Consequently, the suitable number of class necessary
for wave energy applications was investigated, as detailed in the next section.

4.5.2 Development and compliance with the IEC standard 61000-4-15

A flickermeter was built in Matlab for the purpose of this thesis according to the design
specifications of IEC standards 61000-4-15 and 61400-21. In addition, this flickermeter
includes the “empty class” feature designed by Alcorn [45] which is intended to help pro-
duce a sufficiently smooth cumulative probability function (CPF), necessary for obtaining
sufficiently accurate results. It consists of interpolating the ordinate of any empty class
based on the ordinate of surrounding non-empty classes.

Different tests were performed to evaluate the accuracy of this flickermeter. First, a
test focusing on the number of classes to be used in the classifier of Block 5 was conducted.
Results showed that the number of classes recommended by the IEC standard 61400-21 in
the case of wind farms and equal to 6400 seems also suitable for wave energy applications.
Table 4.12 presents the flicker level obtained from three different production periods and
computed with four different numbers of classes. Results are stable from this number of
classes which was thus retained for the studies.

In addition to analysing the number of classes, compliance tests as defined in the
IEC standard 61000-4-15 were also performed. They consist of three different tests. The
first two tests address the accuracy of the instantaneous flicker perceptibility measured at
Output 5, as shown in Figure 4.17. Hence, these tests concerns Blocks 1 to 4 only and are
performed by applying a set of periodic voltage time series of strictly defined frequency
ftest and amplitude ∆Vtest to the flickermeter. A set of values for these parameters for

100



Number of classes
Production period 64 3200 6400 12800 25600

A 1.582 1.417 1.416 1.415 1.415
B 0.102 0.093 0.093 0.093 0.093
C 1.132 1.015 1.015 1.015 1.015

Table 4.12: Flicker level computed with several numbers of class

which the maximum instantaneous flicker perceptibility is equal to unity is supplied in the
standard. This type of test is performed for both sinusoidal and rectangular voltage time
series. The standard stipulates that a flickermeter is compliant if the maximum value of
Output 5 is equal to unity provided that the amplitude ∆V of the corresponding voltage
time series ranges between ±5% of the reference amplitude ∆Vtest. The difference between
the voltage amplitude for which the maximum instantaneous flicker perceptibility is equal
to unity and the reference amplitude defined in the IEC standard 61000-4-15 will be re-
ferred to as δ∆V .

The results with respect to both sinusoidal and rectangular voltage time series are
shown in Table 4.13a and Table 4.13b. They demonstrate that the part of the flickermeter
consisting of Blocks 1 to 4 is compliant with the IEC standard 61000-4-15 as an instanta-
neous flicker perceptibility equal to unity (±1%) is obtained for an amplitude difference
δ∆V of the input voltage variations varying between -3% to +2% of the indicative values
provided in the standard, thus less than the maximum allowed level equal to ±5%.

The compliance test for Block 5 is somewhat different. In this case, the standard re-
quires that a flicker level Pst approximately equal to unity with an allowed error of ±5%
is obtained for a rectangular voltage time series whose amplitude ∆V and frequency f are
exactly equal to its indicative values. The results shown in Table 4.14 demonstrates that
Block 5 is also compliant with the IEC standard 61000-4-15 and presents a high level of
accuracy as the error on Pst ranges between -1% and 3%, thus also within the allowed
error range equal to ±5%.

In summary, besides being compliant with the IEC standard 61400-15, the flickerme-
ter designed for the purpose of this thesis can be considered as presenting a high overall
accuracy.

4.6 Detail on the simulations and methodology

The studies were performed using 11 different short-circuit levels SSC , 4 distinct impedance
angles Ψk, and 3 production periods with different levels of wave energy. In addition, two
different wave farm orientations and 5 device layout combinations were also used, leading
to a total of 1320 simulations. Table 4.15 sums up the different values used for each pa-
rameter. In addition, three different power factors, namely 0.92 and 0.95 lagging (referring
here as absorbing reactive power) as well as unity were applied at the PCC to study the
influence of this parameter on the maximum and minimum voltage limits as well as on the
maximum flicker level obtained at this node.

The following sections detail the simulations performed regarding the voltage step, the
voltage limits and the flicker level.
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ftest (Hz) δ∆V (%) ftest (Hz) δ∆V (%)

0.5 -1 10 0

1 -3 10.5 0

1.5 -1 11 0

2 0 11.5 1

2.5 -1 12 1

3 -1 13 1

3.5 -1 14 1

4 -1 15 1

4.5 -1 16 1

5 0 17 0

5.5 -1 18 -1

6 -1 19 -1

6.5 0 20 0

7 0 21 0

7.5 0 22 0

8 0 23 0

8.8 0 24 0

9.5 0 25 0

33.33 0

(a) Sinusoidal

ftest (Hz) δ∆V (%) ftest (Hz) δ∆V (%)

0.5 -1 10 -1

1 -1 10.5 0

1.5 -1 11 0

2 -1 11.5 0

2.5 -1 12 0

3 -1 13 -1

3.5 -1 14 0

4 0 15 0

4.5 -1 16 1

5 0 17 0

5.5 0 18 -2

6 0 19 0

6.5 0 20 1

7 0 21 -1

7.5 0 21 2

8 -1 23 0

8.8 -1 24 0

9.5 0 33.33 -3

(b) Rectangular

Table 4.13: Results of Blocks 1 to 4 to the compliance tests

Rectangular changes per minute Pst

1 1.02

2 1.03

7 1.02

39 1.02

110 1.00

1620 0.99

4000 1.03

Table 4.14: Results of Block 5 to the compliance test

Parameter Value

Series reactor impedance ZS (Ω) 0.1, 0.5, 1, 2, 3, 4, 5, 10, 15, 20, 25

Equivalent short-circuit ratio 744, 149, 74, 37, 25, 19, 15, 7, 5, 4, 3

Short-circuit impedance angle Ψk (◦) 30, 50, 70 and 85

Production periods (energy level) A (high), B (medium), and C (low)

Wave farm orientation frontal and lateral

Device layout combination 1 to 5

Table 4.15: Value range used for each parameter

4.6.1 Voltage step

Electrical model

The voltage step study was performed by means of load flow studies. As dynamic models
are not required for this type of study, a simplified electrical model based on only four static
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Figure 4.19: Simplified PowerFactory electrical model of the farm as used for the voltage
step analysis

generators was used, as shown in Figure 4.19. All the other parameters remain as described
in Section 4.2.1. The farm power output PG, to which each of the four generators con-
tribute in an equal manner, is defined according to the values described in the next section.
The voltage step at the PCC is defined as the difference between the voltage obtained when
the farm outputs its maximum power (for a given production period) and the voltage when
the onshore 10/20 kV transformer is disconnected from the network, thus representing a
mains loss for the farm’s offshore electrical network. This event represents a worst case
as the entire farm is then lost: this may occur for instance in the case of a failure of the
10/20 kV onshore transformer, or if the integrity of all the cables is deteriorated simulta-
neously.

Determination of worst case conditions

The disconnection of a wave farm at the time when it outputs its maximum power rep-
resents worst case conditions regarding the amplitude of the voltage step induced at the
PCC. The load flow simulations were thus performed based on a farm power output equal
to 20 MW (in order to represent the extreme case) as well as based on the maximum power
output generated by the farm in each of the production periods A, B and C and for both
farm orientations. This study in this last case was limited to a single time delay set: time
delay set 1 was chosen arbitrarily. Table 4.16 shows the maximum power values of the
different power profiles considered.

This scenario was selected as, besides providing the maximum voltage step amplitude,
it seems also realistic that a failure within the farm internal network may occur at peak
power, due for instance to pieces of equipment switching off or tripping if their power
rating is exceeded.
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Production period
A B C

Frontal orientation 15.3 7.5 0.8
Lateral orientation 16.5 15.5 1.3

Table 4.16: Maximum power (MW) in the power profiles generated for production periods
A to C, and for both farm orientations (time delay set 1)

Given the similarity in terms of maximum power between production period A in
frontal orientation and production period B in lateral orientation, as well as the small
difference between the maximum powers of period C for both orientations, four values
only were considered for the farm power PG besides 20 MW (equal to its rated power):
16.5 MW, 15.5 MW, 7.5 MW and 1.0 MW. Each of the static generator outputs a power
equal to a quarter of PG.

4.6.2 Voltage limits

Contrary to the voltage step analysis, both the voltage limits and the flicker level are
determined from dynamic simulations. Both the maximum and minimum voltages were
investigated and compared to the limits defined in Section 4.4. As mentioned earlier,
five different time delay sets were used to simulate different layouts of the devices within
the farm. The maximum and minimum voltages for given impedances ZS , impedance
angles Ψk, production periods and wave farm orientations were defined respectively as the
maximum and minimum values over all these five simulations.

4.6.3 Flicker level

The flicker level was determined from the same voltage time series as used for the voltage
limits analysis. These time series were then processed by the flickermeter developed for
the purpose of this thesis. In similar fashion to the voltage limits analysis, the flicker
corresponding to a given impedance ZS , impedance angle Ψk, production period and wave
farm orientation is defined as the maximum flicker obtained over the five time delay sets
considered in this study.

4.7 Compliance with power quality requirements

4.7.1 Voltage step

Maximum farm power output (20 MW)

Figure 4.20 shows the maximum voltage step induced by the loss of a farm outputting
20 MW at the moment of its disconnection as a function of the short-circuit ratio and of
the impedance angle Ψk. Both the results obtained with PowerFactory and those obtained
with the simplified load flow programme developed for the purpose of this study (which
are labelled “Theoretical” in the figures) are in good agreement, as the maximum error is
equal to 2% only.

The results indicate that a voltage step exceeding the limit of 2% may be induced by
the disconnection of a wave farm connected to a connection point whose short-circuit ratio
is less than or equal to 37 (i.e. 722 MVA in this case). This is generally greater than the
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Figure 4.20: Maximum voltage step amplitude versus short-circuit level ratio and
impedance angle, as obtained with PowerFactory and the load flow programme (labelled
“Theoretical”)

typical short-circuit ratio of most connection points, and especially much greater than the
short-circuit ratio of the connection points located in the west of Ireland, as indicated in
Table 4.1. Hence, such a voltage step may be considered as an issue.

The 10% limit is exceeded for relatively weak grids with connection points whose short-
circuit ratio is smaller than or approximately equal to 5 (i.e. 97 MW). This concerns still
a majority of the potential Irish test sites considered in this study, thus indicating that
the loss of a wave farm may represent an issue for the stability of the local power system.
This threat is to be taken all the more seriously as weak grid areas present typically a
more fragile stability due to the relatively limited number of generators being usually re-
quired to power these networks. In this case, the stability of a part of the power system
is maintained by a single generator whereas several generators would have ensured this
role in stronger grid areas. Hence, this may increase considerably the influence which a
significant voltage step may have on the rotor stability of this isolated generator.

Maximum farm power output corresponding to different production periods

The same study was performed based on the maximum power values obtained from the
different production periods considered, as shown in Figures 4.21a to 4.21d. It can be
observed that the amplitude of the induced voltage step is still significant in the case of
production periods A and B for a number of connection points, even though the maximum
power level corresponding to production period B in the lateral orientation represents only
37% of the maximum rated power. This indicates that the disconnection of a wave farm
even in moderate sea conditions may induce a voltage step of significant amplitude on rel-
atively weak networks whose short-circuit ratio is less than or equal to 5, which covers the
majority of the sites located on the west of Ireland. On the contrary, the induced voltage
step is negligible for period C, which was expected from the very low values corresponding
to its maximum power levels with both farm orientations.

Level of error

Both the results obtained with PowerFactoy and those obtained with the simplified load
flow programme are in good agreement, with an error not exceeding 3% for production
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(a) PG=16.5 MW (period A, lateral orientation)

(b) PG=15.5 MW (period A, frontal orientation & period B, lateral orientation)

(c) PG=7.5 MW (period B, frontal orientation)

(d) PG=1.0 MW (period C, both orientations)

Figure 4.21: Absolute value of the maximum voltage step obtained for different values of
the farm power output PG, as a function of the short-circuit ratio and of the impedance
angle
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periods A and B. However, the error is greater (3.4%) for production period C. It is in-
teresting to investigate the nature of the different sources inducing this error. This rapid
analysis focuses on the type of network and on the conditions under which the maximum
level of error (equal to 3.4%) is observed, that is for a short-circuit ratio is equal to 3, an
impedance angle Ψk is equal to 30◦, and a farm power output equal to 1 MW.

In this case, no error on the voltage corresponding to the case where the farm is dis-
connected is observed between the results obtained with PowerFactory and those obtained
with the simplified load flow programme. Hence, the error is entirely due to the case where
the farm outputs 1 MW. A fraction of this error equal to 0.9% is due to the simplifications
performed for obtaining the theoretical model which consists of:

− assuming an equal cable length of 11.25 km,

− neglecting the influence of the onshore substation’s power consumption on its local
voltage,

− simulating the power consumption of the 38 kV load as constant.

The loads are indeed modelled by default in PowerFactory as being voltage-dependent.
Their voltage dependence law is defined as:

P = P0

(
V

V0

)1.6

(4.57)

Q = Q0

(
V

V0

)1.8

(4.58)

where P0 and Q0 are the active and reactive power corresponding to the nominal voltage
V0. It is interesting to note that the maximum level of error corresponds to the lowest
value of the farm power output PG (equal to 1 MW). In this case, the power consumption
of the onshore substation, which is equal to 0.1 MW, is no longer negligible compared to
the power flow coming from the farm, contrary to what is assumed in the simplified load
flow programme.

As 0.9% of error is due to the simplifications done for the model used with the simplified
load flow programme out of the 3.4% observed in the worst case, the algorithm itself can
be assumed to be responsible for an error level equal to 2.5%. This error level, although
relatively low, was expected from the limitations of the Newton-Raphson algorithm them-
selves: the classical form of the algorithm, usually considered as very efficient for large
transmission systems, is known for being relatively less robust in the case of weak distri-
bution networks [92], as it is the case here. However, this is this type of algorithm which is
used in the simplified load flow programme while PowerFactory uses another form of the
Newton-Raphson algorithm for this type of networks, which is based on current equations
rather than on power equations.

Immunity levels

Table 4.17 summarises the maximum short-circuit ratio up to which a voltage step of sig-
nificant amplitude can be induced by the sudden disconnection of a farm outputting its
maximum power for the different production periods considered.
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Production periods
Limit (%) A B C

2 15 15 N/A
10 5 3 N/A

(a) Frontal orientation

Production periods
Limit (%) A B C

2 15 15 N/A
10 5 5 N/A

(b) Lateral orientation

Table 4.17: Highest short-circuit ratio up to which the network is affected

It must be noted that the monotonically decreasing trend of the voltage step ampli-
tude as a function of the impedance angle Ψk is typical of unity factor operation: when a
different value of power factor is applied, this trend may no longer be monotonic, as shown
later in Section 4.7.2 on voltage limits.

It appears that the sudden disconnection of an approximately 20 MW-rated wave farm
may induce of voltage step whose amplitude is greater than or equal to 2% up to a short-
circuit ratio less than or equal to 37 for grids with a low impedance angle Ψk. However,
it is important to bear in mind that this impedance angle has a strong influence on the
amplitude of the induced voltage step, limiting it to 3% only for Ψk=85◦ in the case of
the lowest short-circuit ratio considered in this study and equal to 3, while it is as high as
22% for Ψk=30◦.

Exceeding the 10% voltage step limit may also be an issue, but for a more limited
number of potential connections points whose short-circuit ratio is less than or equal to 5.
However, if their impedance angle Ψk is greater than or equal to 70◦, such a voltage step
cannot be induced by the sudden disconnection of a 20 MW-rated farm. Hence, they can
be considered as immune to this issue.

Another point which must also be noticed concerns the influence of the wave farm
orientation on the voltage step amplitude at the PCC. Voltage steps of higher amplitude
are observed when the lateral orientation is used compared to the frontal orientation. This
is explained by the higher level of maximum power generated in the former orientation
due to the greater number of generators outputting the same power output simultaneously.

Table 4.18 indicates whether the test sites considered in this study may be affected or
not by a voltage step exceeding the limit of 2%. None of this test site is considered to be
affected by a voltage step exceeding the 10% limit.

Generally-speaking, it must be borne in mind that a connection point presenting any of
the short-circuit ratio and impedance angle considered in this study may not necessarily
exist in practice. For instance, it is unlikely that a connection point whose impedance
angle can be considered as low (equal to 30◦ for instance) may present a high short-circuit
ratio equal to 37. This means that, even though this study highlighted that a voltage
step of 2% could be induced at a node whose short-circuit ratio is equal to 37 and whose
impedance angle is equal to 30◦, in practice, this type of node is unlikely to be found in a
real power system. However, data being unavailable regarding the typical combinations of
short-circuit level and impedance angle, the results with respect to all the possible com-
binations are presented. Another point which must be borne in mind regards the power
transfer capacity at nodes whose low short-circuit ratio and low impedance angle. The
power transfer capacity, which is usually low at this type of nodes, may constitute the main
obstacle regarding the connection of a 20-MW rated wave farm. Data being unavailable
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Test site 2% 10%

Achill Island affected immune
Belmullet affected immune
Grallagh affected immune
Doory affected immune
Killard immune immune
Dingle immune immune

WaveHub immune immune
bimep immune immune

Table 4.18: Results of the compliance test of the different test sites considered in this
study with respect to the most stringent (2%) and to the most permissive (10%) voltage
step limits

as well regarding this criterion, it was not taken into account to filter the results presented
in this study.

Summary

In conclusion, exceeding the 2% voltage step limit represents an issue for all the test sites
supplied by a relatively weak network whose short-circuit ratio is smaller than 37, regard-
less of their impedance angle Ψk. Most potential test sites located off the west coast of
Ireland were determined to be potentially affected by this issue.

Exceeding the 10% voltage limit may be considered as a potential issue for a more
limited number of connection points, and presenting both a short-circuit ratio less than
or equal 5 and an impedance angle Ψk less than 70◦. It was emphasized that inducing a
voltage step whose amplitude exceeds this limit may pose a threat for the stability of this
type of particularly weak networks as in Ireland for instance, generators are not required
to remain connected after this type of event. However, the usually limited power transfer
capacity at these nodes having both a low short-circuit ratio as well as a low impedance
angle may constitute the main obstacle to the grid connection of a 20-MW rated farm.

4.7.2 Voltage limits

Both the maximum and minimum voltages are investigated and compared to the limits
defined in Section 4.4. As mentioned earlier, five different time delays were used to simu-
late different layouts of the devices within the farm. The maximum and minimum voltages
for given impedances ZS , impedance angles Ψk, production periods and wave farm orien-
tations are defined respectively as the maximum and minimum values over all these five
simulations.

It is important to mention that the voltage at the point of common coupling never
remains persistently outside the allowed range, as shown in Figure 4.22a and 4.22b. These
two figures present the voltage profile at the point of common coupling under worst case
conditions, that is for production period A with a lateral farm orientation, combined with
the lowest short-circuit ratio as well as with the lowest impedance angle Ψk considered in
this study which are equal to 3 and 30◦ respectively. These two figures correspond to the
extreme power factors considered in this study which are equal to 0.92 lagging and unity.
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(a) Power factor=0.92 lagging (b) Power factor=1

Figure 4.22: Voltage profile at the PCC under worst case conditions for two different values
of the power factor

Although voltage may remain few seconds to few tens of second above or below the
limits (in particular with respect to the most stringent limits), these voltage excursions
still remain classified, as defined in the standard IEEE-1159-2009, as “voltage sag” and
“voltage swell” respectively. However, considering the repeated number of times a wave
farm may generate voltage sag or swell episodes over a relatively short timescale of the
order of magnitude of tens of seconds, it may seem appropriate to define a more suitable
denomination for characterising this type of voltage disturbances. However, the develop-
ment of power quality criteria adapted to wave devices is out of the scope of this thesis.

Maximum voltage

Figure 4.23 shows the maximum voltages obtained during a simulation as a function of
the short-circuit ratio. For the sake of clarity, the abscissa axis was limited to a maximum
value of 100. As expected, voltage converges towards the value imposed by the ac voltage
source, 1.0 pu. In addition, its deviation from this value decreases as the impedance angle
Ψk increases which is typical of the operation at unity power factor. For impedance angles
up to 70◦, deviation is positive (maximum voltage is greater than 1.0 pu), whereas it is
negative for Ψk=85◦. This trend will be explained in more detail later in this section.

The results shown in Figure 4.23 demonstrate that swell may occur under medium
and high energy level sea conditions in networks whose short-circuit level and impedance
angle is sufficiently low. Although the voltage remains within narrow limits for production
period C (the minimum deviation below the nominal value is less than -4%), it can exceed
1.05 pu for both production periods A and B, the 1.12 pu upper limit being exceeded for
production period A only. Table 4.19 shows the short-circuit ratio above which voltage
swell is no longer an issue for 30◦ networks, representing the worst case scenario with
respect in the case where unity power factor is maintained at the PCC.

However, in similar fashion to the amplitude of a voltage step, the maximum voltage
is highly dependent on the impedance angle Ψk. Table 4.20 shows for instance the maxi-
mum voltage obtained under worst case conditions, namely production period A with the
lateral farm orientation) for the four impedance angles considered in this study. It is clear
that networks whose impedance angle is greater than or equal to 70◦ are not affected by
voltage swell, voltage remaining below 1.05 pu at all times. Hence, none of the site taken
as example is affected. An impedance angle of 50◦ leads to voltage exceeding 1.05 pu, but
maintained below 1.12 pu, for networks whose short-circuit ratio is smaller than 7. How-
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(a) Production period A, frontal orientation (b) Production period A, lateral orientation

(c) Production period B, frontal orientation (d) Production period B, lateral orientation

(e) Production period C, frontal orientation (f) Production period C, lateral orientation

Figure 4.23: Maximum voltage for the different production periods and farm orientations
considered as a function of the short-circuit ratio

Production periods
Limit (pu) A B C

1.05 9 4 immune
1.12 3.5 immune immune

(a) Frontal orientation

Production periods
Limit (pu) A B C

1.05 11 10 immune
1.12 4 immune immune

(b) Lateral orientation

Table 4.19: Short-circuit ratio above which voltage swell is not an issue
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Ψk (◦)
Limit (pu) 30 50 70 85

1.05 4 7 immune immune
1.12 11 immune immune immune

Table 4.20: Short-circuit level above which voltage swell is not an issue under worst case
conditions (production period A, lateral orientation)

Test site +5% +12%

Achill Island immune immune
Belmullet immune immune
Grallagh immune immune
Doory immune immune
Killard immune immune
Dingle immune immune

WaveHub immune immune
bimep immune immune

Table 4.21: Results of the compliance test of the different test sites considered in this
study with respect to the voltage swell limits

ever, this type of network can be considered as immune to voltage swell in regions where
the most permissive limit 1.12 pu is enforced. As regards the test sites considered as ex-
amples in this work, none of them is affected by voltage swell, as summarised in Table 4.21.

These results were compared to those obtained with the simplified load flow programme
developed for the purpose of this thesis. In similar fashion to the voltage step study pre-
sented in Section 4.7.1, the calculation of the voltage at the PCC with this programme
is based on the maximum power output of the wave farm for a given production period.
Table 4.22 presents the maximum absolute value of the error between the results obtained
with PowerFactory and those obtained with the simplified load flow programme. These
results are similar, but not equal to those presented in Section 4.7.1 which discussed the
error with respect to the voltage step analysis. This is explained by the fact that in the
previous study, only one time delay set was used whereas five of them are used in this
study. The error level remains relatively low, indicating a relatively good agreement be-
tween the results obtained from the two different tools.

Production period A B C

Frontal orientation 3.5 3.0
3.7

Lateral orientation 2.0 2.1

Table 4.22: Maximum absolute error (%) between the results obtained with PowerFactory
and those obtained with the simplified load flow programme

Minimum voltage

A study similar to this presented in the previous section was conducted concerning the
minimum voltages obtained for the three different production periods and for the two
farm orientations considered in this study. In this case again, both the results obtained
with PowerFactory and with the simplified load flow programme are in good agreement.
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(a) Production period A, frontal orientation (b) Production period A, lateral orientation

(c) Production period B, frontal orientation (d) Production period B, lateral orientation

(e) Production period C, frontal orientation (f) Production period C, lateral orientation

Figure 4.24: Minimum voltage for different production periods and farm orientations as a
function of the short-circuit ratio

Figure 4.24 demonstrates that voltage sag is not an issue in this case as voltage remains
above 0.96 pu for any combinations of the short-circuit ratio and of the impedance angle
considered in this study. Hence, none of the test sites considered as examples in this work
is affected by this issue, as summarised in Table 4.23.

Power factor control

The two previous studies showed that a limited number of connection points may be af-
fected by a voltage swell issue whereas voltage sag was no issue for any of the potential
connection points considered. This voltage swell issue can be mitigated by applying a
lagging power factor at the PCC by means of the controlled VAr compensator, as opposed
to a unity power factor as used in the previous studies. This strategy is actually enforced
by the Irish distribution system operator ESB in the case of wind farms connected to the
distribution network. Typically, connecting a power plant of significant power capacity
to this type of low voltage networks induces a voltage rise due to the direction reversal
of the active power flow. This voltage rise can be counteracted by reactive power flowing
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Test site -6% -10%

Achill Island immune immune
Belmullet immune immune
Grallagh immune immune
Doory immune immune
Killard immune immune
Dingle immune immune

WaveHub immune immune
bimep immune immune

Table 4.23: Results of the compliance test of the different test sites considered in this
study with respect to the voltage sag limits

(a) Minimum voltage (b) Maximum voltage

Figure 4.25: Minimum and maximum voltages obtained for production period A, lateral
orientation, 0.92 power factor lagging, as a function of the short-circuit ratio

in the opposite direction. Figure 4.25b shows that the maximum voltage obtained for the
worst case conditions (namely production period A with the lateral farm orientation) is
actually reduced below the most permissible limit when a 0.92 lagging power factor is ap-
plied. Applying a lagging power factor has the additional advantage to reduce flicker level
significantly in networks with an impedance angle less than or equal to 70◦, as detailed in
next section.

However, this method has its limitations, which are described here based on a simplified
two-bus electrical network which is presented in Figure 4.26. As described in (3.12), the
voltage drop ∆V2bus through the impedance Z = R + jX between busses B1 and B2 can
be expressed as:

∆V2bus =
PR+QX

V1
(4.59)

where P and Q are the active and reactive power flowing through the impedance Z .
Hence, the voltage variation ∆V2bus is equal to zero provided that the following condition
is met:

P

Q
= −X

R
(4.60)

This condition shows that this method is efficient only as long as the ratio of the
impedances X

R is of the order of magnitude of the ratio of the powers P
Q . Assuming that
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V2 6 δ2B2

X R

V1 6 δ1B1

Figure 4.26: Simplified two-bus system

Figure 4.27: Theoretical voltage deviation for P=15 MW as a function of the impedance
angle Ψk (short-circuit ratio=3)

the amount of reactive power Q flowing from bus B1 to bus B2 is defined from a fixed
power factor pf which can be expressed as:

pf =
P√

P 2 +Q2
(4.61)

Hence, (4.59) can be re-written as:

P

P
√

1
pf2
− 1

=
X

R√
1

pf2
− 1 =

R

X

(4.62)

Figure 4.27 shows the voltage drop ∆V for P=15 MW and for a short-circuit ratio
equal to 3. This figure shows that in the case where a lagging power factor is applied,
the voltage drop ∆V may be negative for the connection points having a sufficiently high
impedance angle Ψk. This means that the voltage at the bus B1 is greater than the volt-
age at the bus B2. Consequently, the voltage corresponding to a peak of active power is
less than the voltage corresponding to the case where the farm power output is equal to
0 MW, which is precisely what is observed for the voltage with respect to an impedance
angle Ψk equal to 85◦ as shown in Figures 4.24a to 4.24f. This effect is amplified by using
an increasingly lagging power factor, as illustrated in Figure 4.25a.

In summary, the application of a fixed power factor at the PCC can be considered
as a reasonable strategy provided that the power factor is suitably selected according to
the impedance angle Ψk. The beneficial effect of a lagging power factor at the PCC is
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undeniable for weak networks having a low impedance angle equal to 50◦. As shown in
Figure 4.25b, networks whose impedance angle is equal to 50◦ become immune to voltage
swell as a result of this control strategy. However, this technique has little effect on the
networks whose impedance angle is equal to 30◦, due to the highly resistive nature of the
impedance. Hence, this technique should be applied with discernment, and the power fac-
tor selection should be based on the network impedance angle rather than on the voltage
level of the point of common coupling and on the presence or not of other customers as
it is currently done, for instance in the Republic of Ireland. In addition, applying a lag-
ging power factor may induce significant low voltage level at the connection points whose
impedance angle is greater than or equal to 70◦, as illustrated in Figure 4.25a. Hence,
operating at unity power factor should be preferred in this case.

Comparison with the results obtained from the simplified analytical case study
presented in Chapter 3

It is interesting to compare the results obtained with this detailed case study regarding the
Belmullet test site to those obtained with the simplified analytical case study described
in Chapter 3. In the latter, the electrical power output of a group of wave devices was
modelled as a sum of an average power Pavg and of sinusoidal terms. The power factor
applied at the PCC was equal to 0.93 lagging, so the results obtained in this study for a
power factor equal to 0.92 lagging were retained for the comparison.

The simplified study indicated that no voltage swell may be observed if a medium-
size farm were to be connected at this type of node, which is also the conclusion of the
detailed study. In addition, the results of the simplified study indicated that the voltage
may be less than the lower limits enforced by the Irish grid operator and equal to 0.90 pu.
The minimum voltage was estimated to 0.84 pu in the simplified study, while it is equal
to 0.91 pu (thus slightly above the lower limit) in the detailed study. Hence, the simpli-
fied study provided a reasonable estimate of the maximum and minimum voltages to be
expected in terms of voltage at the Belmullet test site.

Summary

Both the maximum and minimum voltages reached at the point of common coupling under
the influence of a 20 MW-rated wave farm were investigated. The results obtained with
PowerFactory were compared to those obtained with the simplified load flow programme
developed for the purpose of this thesis and showed good agreement.

The results were also compared to the most permissive as well as to the most stringent
voltage limits enforced in different countries. It was demonstrated that the voltage may
be less than the most stringent lower limit (and close to the most permissive lower limit)
in the case where the power factor at the PCC is sufficiently low. In similar fashion, the
voltage may also exceed both the most stringent as well as the most permissive upper
limits in this case. However, the application of a suitably selected power factor was found
to be an efficient mitigation means with respect to both the voltage sag and swell issues.

The power factor should be selected based on the impedance angle Ψk. A lagging
power factor was recommended to be applied if the wave farm is to be connected to points
with low impedance angles Ψk up to 50◦. On the contrary, a unity power factor should be
applied for higher impedance angles greater than 70◦.
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Ψk (◦)
Limit 30 50 70 85

0.35 17 13 6 immune
1.0 6 4 immune immune

Table 4.24: Short-circuit ratio above which flicker is not an issue

However, it seems that no grid operator defines requirements in terms of power factor
based on the impedance angle Ψk of the connection point to which a power generation
plant is connected. In the Republic of Ireland for instance, the power factor range for which
a wind power plant is expected to operate depends only on the topography of the grid
connection, including criteria such as the voltage level of the point of common coupling,
and the existence or not of other customers connected to the same feeder or to parallel
feeders. As a result, wind farms connected directly to the 110 kV level or connected at
the low voltage side of a 38/110 kV transformer (without parallel connections of other
customers) are expected to operate for a large range of power factor (both lagging and
leading) while wind farms connected at lower voltage levels are required to operate at a
power factor between 0.92 and 0.95 lagging. The strategy adopted by the Irish grid opera-
tor is to mitigate the voltage rise induced by the direction reversal of the active power flow
in a distribution feeder due to the connection of a power generation plant at this level. As
detailed in this work, although this strategy may be efficient for connection points with
an impedance angle equal to 50◦, it may not be sufficient for connection points with an
impedance angle equal to 30◦, and be even counterproductive regarding connection points
with an impedance angle at least equal to 70◦ compared to operating at unity power factor.
The requirements in terms of power factor may thus need to be modified to facilitate a
safer integration of wave farms to the distribution grids.

In addition, the simplified study presented in Chapter 3 was shown to provide a rea-
sonable estimate of the trends to be expected in terms of voltage at the Belmullet test
site.

4.7.3 Flicker level

Flicker level exceeding its limit represents an issue for both production periods A and B,
its level remaining below 0.35, the most stringent limit, for production period C although
being non-negligible, as shown in Figures 4.28a to 4.28f. The short-circuit ratios above
which flicker is not an issue are presented in Table 4.24. The results indicated in this table
demonstrate that flicker is an issue which may be more important than voltage swell as a
larger number connection points are potentially affected by an excessive flicker level than
by voltage swell, as was shown in Table 4.20.

Connection points with lower impedance angles of 30◦ to 50◦ can mostly be consid-
ered as potentially affected by an excessive flicker level if unity power factor is applied at
the PCC. The short-circuit ratio above which flicker is below the most stringent limit is
equal to 17 and to 13 for the 30◦ and 50◦ connection points respectively. However, these
short-circuit ratios are relatively greater than the typical short-circuit ratio for this type
of connection points. The short-circuit ratio required for preventing flicker from exceeding
the most permissive limit is equal to 5 only, which remains however very significant for
this type of connection points. In conclusion, if a unity power factor is to be maintained
at the PCC, and if no mitigations means are employed, most of the 30◦ to 50◦ connection
points must be considered as potentially affected by an excessive flicker level.
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(a) Production period A, frontal orientation (b) Production period A, frontal orientation

(c) Production period B, frontal orientation (d) Production period B, lateral orientation

(e) Production period C, frontal orientation (f) Production period C, lateral orientation

Figure 4.28: Maximum flicker level for different production periods and both farm orien-
tations as a function of the short-circuit ratio
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The situation is more complex for networks whose impedance angle is equal to 70◦,
as, although flicker level is always maintained below unity, it can be far greater than 0.35,
thus constituting a potential issue. Flicker is however no issue for those connection points
whose short-circuit ratio is greater than 6. It is interesting to note that this is the case
only for the two strongest Irish connection points, namely Dingle and Killard, as well as
the WaveHub and the bimep. The flicker in the rest of the test sites selected as examples
being greater than 0.35, a wave farm connected to these sites could be considered as failing
to meet the flicker requirements, as the most stringent limit is enforced in Ireland. More
generally speaking, 70◦ connection points can be considered as potentially failing to meet
the flicker requirements. This may be the case if the flicker level exceeds the individual
emission limit (if any) and/or whether the plant’s contribution makes the total flicker level
at the PCC exceeds the total limit assigned to this node. A short-circuit ratio greater than
6 is thus recommended for the connection to 70◦ points, the use of mitigation means being
necessary otherwise. Finally, 85◦ points can be considered as immune to the flicker issue
as flicker remains below the most stringent limit regardless of the short-circuit ratio.

It is interesting to note that the lateral farm orientation corresponds to the worst case
conditions in terms of flicker level for a given production period, as it was for the voltage
step and for the voltage limits analyses. This tends to indicate that the voltage peaks of
higher amplitude generated with this orientation have more influence on the farm’s flicker
level than the higher number of voltage fluctuations created when the frontal orientation
is used. Further analyses on this aspect are presented in Chapter 7.

Finally, it is also interesting to observe that a short-circuit ratio equal to 5 only is
necessary to prevent the flicker induced by the wave farm considered in this study from
exceeding unity when a unity power factor is applied at the PCC. In comparison, it used
to be recommended to connect wind farms to nodes whose short-circuit ratio was at least
equal to 25 [25]. This difference can be explained by the lower perceptibility of wave-
induced voltage fluctuations, due to their typically lower frequencies compared to those
generated by wind farms.

Power factor control

Power factor control at the PCC is expected to be an efficient means for mitigating flicker.
As mentioned in the previous section, applying a lagging power factor at the PCC can, in
certain cases, reduce the amplitude of the voltage fluctuations induced by the injection of
fluctuating power, thus reducing flicker as well. More specifically, it was found that wind
farms could be connected to nodes with a short-circuit ratio equal to 3 without leading
to a flicker level exceeding unity [47], whereas a short-circuit at least equal to 25 used to
be recommended for operation at unity power factor, as mentioned in the previous section.

The results obtained in this study show as well that applying a lagging power factor
can help reduce flicker level for connection points having an impedance angle up to 50◦

or 70◦, as expected. Figure 4.29a shows the flicker level obtained under worst case con-
ditions, namely production period A with the lateral farm orientation, for the minimum
short-circuit ratio equal to 3. The figure shows the results obtained for the three power
factors considered in this study, namely: unity, 0.95 and 0.92 lagging. It is clear from this
figure that a dramatic flicker level decrease can be obtained for connection points with a
low impedance angle up to 50◦. Applying a 0.92 lagging power factor leads even to decrease
the flicker down to a level extremely close to 0.35 in the 50◦ case. The short-circuit ratio
above which flicker is no longer an issue with respect to the most stringent limit in this
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(a) Maximum flicker level (b) Maximum voltage fluctuation

Figure 4.29: Flicker level and maximum voltage amplitude ∆V under worst case conditions
for different impedance angles Ψk and for different power factors (pf)

particular case decreases from 13 to only 3, which, although remaining a high short-circuit
level value for most 50◦ connection points, can be exceeded by some of them.

This significant decrease does not however prevent flicker level from exceeding unity
in the 30◦ case. The short-circuit level above which flicker is no longer an issue in this
case presents a dramatic decrease from 17 to 3.5, but this remains still greater than the
short-circuit ratio of an overwhelming majority of 30◦ connection points. Hence, applying
a lagging power factor is not considered as an efficient solution for reducing the flicker
level in this case. Finally, applying a unity power factor at nodes whose impedance angle
Ψk is equal to 85◦ is recommended, as applying a lagging power factor makes the flicker
level increase for this type of nodes. As expected from these observations, the connection
of a medium-size wave farm to some of the sites considered in this study may give rise to
flicker issues, as summarised in Table 4.25.

The trend of the flicker level as a function of the impedance angle Ψk is similar to
the trend observed with respect to the maximum amplitude which a voltage fluctuation
may present, as shown in Figure 4.29b. This maximum amplitude ∆V is calculated as the
difference between the maximum voltage minus the minimum voltage obtained during a
simulation with PowerFactory as:

∆V = max(V(t))−min(V(t)) (4.63)

Although such voltage fluctuation may or may not occur during a simulation, esti-
mating this maximum amplitude gives an insight into the actual amplitude of the voltage
fluctuations generated by the wave farm. Further analysis focusing on this topic are de-
tailed in Chapter 7.

Comparison with the results obtained from the simplified analytical case study
presented in Chapter 3

It is not possible to compare directly the results obtained for Belmullet from this study
to those obtained with the simplified analytical case study presented in Chapter 3. The
flicker analysis in this latter study was performed for a wave farm whose power oscillates
closely around 10 MW whereas the amplitude of the voltage fluctuations are more impor-
tant in the experimental time series. In addition, the power profile of the farm as defined
in the simplified study is much smoother than this based on the experimental time series.
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Test site / Pst limit 0.35 1.0

Achill Island affected immune
Belmullet affected immune
Grallagh affected immune
Doory affected immune
Killard immune immune
Dingle immune immune

WaveHub immune immune
bimep immune immune

Table 4.25: Immunity status of different test sites with respect to flicker level compliance
test (provided that a suitable power factor is applied at the PCC)

However, it is worth comparing their order of magnitude. The maximum flicker level
Pst was estimated to be equal to 0.21 in the simplified analytical case study, whereas it
was evaluated to range between 0.5 (frontal orientation) and 0.6 (lateral orientation) in
the detailed study. This shows that, despite important modelling differences in terms of
farm power profiles, the results obtained from the simplified analytical case study already
gave a reasonable insight on the order of magnitude of the flicker level generated. However,
this difference emphasises the importance of experimental data in evaluating the impact
of wave energy on the grid.

Summary

In conclusion, flicker may be maintained below even the most permissive limit by means
of power factor control. However, flicker level may remain very high for 30◦ networks for
which the beneficial effect of this type of control strategy is limited. On the contrary, a
dramatic flicker level decrease is observed for 50◦ networks, rendering flicker level close
to the most stringent limit under worst case conditions. It is recommended however to
maintain a unity power factor at the PCC for connection points whose impedance angle
Ψk is greater than 70◦ to prevent both voltage sag and flicker level increase. In addi-
tion, mitigation means, such as storage, may be necessary for 70◦ connection points whose
short-circuit ratio is smaller or equal to 6. Connection points whose impedance angle is
about equal to 85◦ are not affected by excessive flicker level.

The results of the study presented in this chapter were compared to the results ob-
tained from the simplified analytical case study which was presented in Chapter 3. Despite
important modelling differences in terms of farm power profiles, the results of the simpli-
fied analytical case study were demonstrated to provide a reasonable insight into the order
of magnitude of the flicker level generated by a wave farm.

4.7.4 Summary

The work presented in this section details the grid impact of a 20 MW-rated wave farm
with respect to the three following power quality criteria: voltage step amplitude, voltage
limits and flicker level. Power system simulations were performed for the typical range of
short-circuit ratio and of impedance angle Ψk.

The results of these simulations were compared to those obtained from the simplified
analytical case study presented in Chapter 3 in terms of maximum and minimum voltages
as well as in terms of flicker level. The results obtained from this simplified study proved
to be reasonably close to these obtained from the detailed study with respect to the max-
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imum and minimum voltages. Although the conclusions regarding the flicker level cannot
be compared directly, the results of the simplified analytical case study were demonstrated
to provide a reasonable insight into the order of magnitude of the flicker level generated
by a wave farm, despite important modelling differences in terms of farm power profiles.
Hence, the simplified analytical case study was demonstrated to constitute an interesting
starting point for the grid impact assessment of a wave farm before more detailed analyses
are undertaken.

The results presented in this chapter show that flicker seems to be a major issue as it
effectively determines the minimum short-circuit ratio required for avoiding power quality
issues. More specifically, this study shows that point of a connection with an impedance
angle as low as 30◦ can be affected by voltage step, voltage swell and flicker issues. Wave
farms without further mitigation means than power factor control at the point of common
coupling are not recommended to be connected to this type of nodes. This recommenda-
tion is based on power quality considerations, but seems doubly justified by the expected
equipment overloading issues due to the typically low power transfer capacity available on
low voltage distribution networks to which these points usually belong. Connection points
with an impedance angle of 50◦ are also affected by these issues if their short-circuit ratio
is smaller than 15, but they can be mitigated to a certain extent by applying a lagging
power factor. This technique may in many cases render the wave farm compliant with the
specified power quality requirements.

However, in the case where the most stringent flicker limit is enforced, additional miti-
gation means such as storage would be required, as it would be the case for farms connected
to a 70◦ connection point, whatever the applied power factor value at the point of common
coupling, if the short-circuit ratio is smaller than 6. Connection points whose impedance
angle is equal to 85◦ are not affected by any of these issues.

More generally speaking, the results imply that:

− Medium size wave farms can be safely connected to relatively weak grids (down to
50◦), provided that the power transfer capacity is sufficient and that a suitable power
factor control is applied. The possible utilisation of 50◦ connection points is very
interesting for regions or countries having a relatively weak power system, as it is
the case in developing and some emerging countries. This potential utilisation is
also interesting for providing power to partially damaged electrical power systems,
for instance in the case of natural disasters or of man-made events [93].

− In addition, it appears that wave farm owners may not necessarily need initially
to connect their plants to a very strong connection point which may be located
very far inland, as it is the case in the rural areas of Ireland and Scotland. Hence,
they may avoid the costly installation of a long overhead line between the test site’s
onshore substation and the inland connection point. From a financial point of view,
this means that the expensive power system reinforcement necessary for facilitating
the large scale integration of wave farms can be postponed until the wave energy
industry reaches a certain degree of commercial maturity. This represents a major
asset for the wave energy community as it will enable the different stakeholders to
gain confidence in the technology before important investments are required.

It seems interesting at this stage to discuss the relevance of the requirements currently
enforced by the grid operators, in particular in terms of flicker. Although flicker seems
usually limited to 0.8-1.0, the Irish grid operator enforces a limit equal to 0.35 which cor-
responds to the lowest limit which may be enforced by a grid operator, as recommended
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by the IEC standard 61000-3-7. This decision may be based on the assumption that the
background flicker in distribution networks, as measured prior to the connection of a wave
farm, may be already relatively high. However, this assumption may not be easily ver-
ifiable as this type of data is usually unavailable. The sole publication mentioning the
level of background flicker monitored at an Irish location (more specifically at Strangford
Lough) during three months indicates it is usually below 0.5, with a couple of occasions
where the value reaches 1 [94].

It is important to note that the voltage level, the short-circuit ratio level and the
impedance angle Ψk of the connection point at which these background flicker measure-
ments were performed are very low and equal to 11 kV, to 10.7 MVA and to 50◦ respec-
tively. Hence, the background flicker level as measured at a 20 kV node whose short-circuit
ratio is at least equal to 3 (as it is the case for the sites taken as examples in this study)
may be expected to be significantly lower. In addition, the frequency range of the voltage
fluctuations induced by a wave farm is expected to be sensibly different from the typical
frequency range of switching loads or starting motors at the origin of background flicker.
Hence, as these two types of flicker contributions do not add algebraically, it may thus be
expected the total flicker level as generated by a wave farm and by other loads or genera-
tors connected in the local area would be lower than the algebraic sum of these two types
of contributions as analysed separately. These two reasons may lead to the conclusion
that the very stringent requirement in terms of flicker level as enforced by the Irish grid
operator may be relaxed without being detrimental to the customers.

In addition, the results presented in this study show that flicker exceeds this very
stringent limit of 0.35 for a large number of short-circuit ratio/impedance angle combina-
tions. Most connection points located off the west coast of Ireland where the wave energy
resource is abundant were demonstrated to be potentially affected by flicker exceeding
this limit while remaining below the most permissive limit equal to unity. Hence, if this
requirement in terms of flicker level regarding the distribution systems is not relaxed, the
large-scale development of the wave energy industry in this country may be significantly
impeded.

4.8 Effect of wave farm direction and device layout within
the farm

4.8.1 Introduction

This section investigates the influence of the farm orientation as well as the influence of
device layout on power quality with respect to the maximum and minimum voltages, as
well as to the flicker level.

4.8.2 Voltage limits

The wave farm orientation relative to the dominant wave direction has a strong influence
on the extreme voltages reached during a simulation. Power peaks of higher amplitude
are reached with the lateral orientation than with the frontal orientation, as mentioned
previously. Consequently, the lateral orientation induces larger voltage deviations from
the nominal value compared to the case where the frontal orientation is used. However, as
expected, this difference between the two orientations decreases with both the short-circuit
ratio and the impedance angle of the connection point. Figures 4.30a to 4.30c shows the
maximum observed difference between the frontal and the lateral orientations for each
of the production periods. Although this difference is negligible for production period C
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(not exceeding 0.7%), it is significantly more important for production periods A and B for
which a maximum difference up to 6% and 8% respectively can be observed for the weakest
networks. This is very significant, especially compared to the voltage limits considered in
this study which are equal to [-6%;+5%] for the most stringent limit and to [-10%;+12%]
for the most permissive.

The influence of the farm direction is considered as negligible when the voltage differ-
ence between the maximum voltage obtained from the lateral orientation and this obtained
from the frontal orientation is smaller than 1%. Under worst case conditions represented
by production period A, the short-circuit ratio above which this condition is met ranges
between 15 and 10 for 30◦ and 50◦ connection points respectively. Considering that their
typical short-circuit ratio is much smaller, the influence of the wave farm orientation
remains significant for most of these connection points. However, it is negligible for con-
nection points whose impedance angle is greater than or equal to 70◦.

The device layout has a lesser influence than the farm orientation. The influence of this
parameter is defined by investigating the maximum voltage difference among all the max-
imum voltages obtained for the five time delay sets. Results showed that this difference
is significant for 30◦-50◦ connection points only, while it is smaller than 1% for connec-
tion points whose impedance angle is greater than or equal to 70◦. This is illustrated in
Figures 4.31a to 4.31f.

Given that the difference between different farm orientations, and to a lesser extend
between different device layouts, may be significant, these parameters may be key factors
with respect to the compliance of the farm to voltage limit requirements. This is for in-
stance illustrated in Figures 4.32a and 4.32b. Although the most permissive limit may be
exceeded when the lateral orientation is used, this is not the case when the frontal orien-
tation is. More generally, the maximum voltage is significantly reduced when the frontal
orientation is used.

4.8.3 Flicker level

In similar fashion to maximum voltage, the influence of the wave farm orientation on the
flicker level is more important than that of the device layout. Figures 4.33a to 4.33c show
the maximum flicker level difference between the frontal and lateral orientations. This
difference can be very important for production periods A and B, as ranging around unity
for the weakest grids. This emphasises the fact that the farm orientation and the device
layout may be key factors with respect to the compliance of the farm to flicker requirements.

Figures 4.34a and 4.34b illustrate this fact: although the flicker level exceeds the most
permissive limit for a relatively large number of short-circuit ratio/impedance angle com-
binations with the lateral orientation, none of them exceeds this limit with the frontal
orientation.

The farm orientation is considered to have a negligible influence when the maximum
observed difference is smaller than 10% of the most permissive limit, i.e. 0.1. From this
perspective, connection points whose impedance angle is as high as 85◦ are not signifi-
cantly affected by the farm orientation, considering their typically high short-circuit level.
The influence of the farm orientation becomes negligible above a short-circuit ratio of 13
for 70◦ connection points. The high value of the minimum short-circuit ratio for which it
is negligible for both 30◦ and 50◦ connection points, being equal to 35 and 25 respectively,
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means that the orientation has always a significant influence on the flicker level at these
connection points.

The device layout has also a lesser influence than that of the farm orientation on
the flicker level for most short-circuit ratio/impedance angle combinations, as shown in
Figures 4.35a to 4.35f. The maximum flicker difference obtained among the different pro-
duction periods can be as high as 0.24 with the frontal orientation and 0.18 with the lateral
orientation (the two of them occurring for production period A) for these weak connection
points. These two values are significant compared to the most stringent emission limit of
0.35. The influence of device layout for 30◦ to 50◦ connection points can be considered as
almost always significant, considering that the short-circuit of most of these points may
be smaller than 5. On the contrary, the influence of the device layout is negligible for
connection points whose impedance angle is greater than or equal to 70◦.

Summary

In conclusion, the orientation of the wave farm has a very strong influence on the flicker
level at the PCC for connection points up to 70◦, whereas the influence of the layout of the
devices within the farm is rather limited to connection points up to 50◦. Their influence
on voltage is more limited. Wave farm orientation can be a determining factor in the wave
farm success or failure in complying with power quality requirements. Hence, this aspect
should be taken into account in designing an optimal wave farm in addition to the energy
capture optimisation which is usually the only aspect considered at early design stages.
The influence of the farm orientation is always significant for 30◦-50◦ connection points,
considering their typically low short-circuit levels, whereas it ceases being significant from
a ratio higher than 13 for 70◦ points and has no influence on 85◦ points. The device
layout has an influence on a majority of connection points whose impedance angle Ψk

ranges between 30◦ and 50◦, whereas this factor is negligible for connection points whose
impedance angle is greater than 70◦.
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(a) Production period A

(b) Production period B

(c) Production period C

Figure 4.30: Maximum difference in terms of maximum voltage between the frontal and
the lateral orientations
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(a) Production period A, frontal orientation (b) Production period A, lateral orientation

(c) Production period B, frontal orientation (d) Production period B, lateral orientation

(e) Production period C, frontal orientation (f) Production period C, lateral orientation

Figure 4.31: Maximum difference in terms of maximum voltage among the different device
layouts for both farm orientations
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(a) Lowest maximum voltage, (frontal orientation)

(b) Highest maximum voltage (lateral orientation)

Figure 4.32: Lowest and highest values reached by the maximum voltage for production
period A
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(a) Production period A

(b) Production period B

(c) Production period C

Figure 4.33: Maximum flicker level difference between the frontal and the lateral farm
orientations
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(a) Frontal orientation

(b) Lateral orientation

Figure 4.34: Lowest and highest maximum flicker level for production period A (frontal
and lateral farm orientations)

130



(a) Production period A, frontal orientation (b) Production period A, lateral orientation

(c) Production period B, frontal orientation (d) Production period B, lateral orientation

(e) Production period C, frontal orientation (f) Production period C, lateral orientation

Figure 4.35: Maximum flicker level difference among the different device layouts
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4.9 Conclusions

The work presented in this chapter details the grid impact of a 20 MW-rated wave farm
according to the three following power quality criteria: voltage step amplitude, voltage
limits and flicker level. Power system simulations were performed for the typical ranges
of short-circuit ratio and impedance angle Ψk. The results obtained with PowerFactory
were compared with those obtained with a simplified load flow programme developed for
the purpose of this thesis and showed good agreement.

The results of these detailed simulations were also compared to those obtained from
the simplified analytical case study presented in Chapter 3 in terms of maximum and min-
imum voltages as well as in terms of flicker level. This latter study, in which the farm’s
power profile is modelled by means of sinusoidal terms, was demonstrated to provide an
interesting starting point for the grid impact assessment of a wave farm before more de-
tailed analyses are undertaken.

Flicker was demonstrated to be a major issue as it effectively determines the minimum
short-circuit ratio required for avoiding power quality issues. However, power factor con-
trol was demonstrated to be an efficient means of mitigation in most cases. In others,
additional means such as storage may be necessary.

More generally speaking, the results imply that medium size wave farms can be safely
connected to relatively weak grids (down to 50◦), provided the power transfer capacity is
sufficient and that suitable power factor control is applied. In addition, it appears that
wave farm owners may not necessarily need to connect their plants initially to a very
strong connection point which may be located very far inland, as it is the case in the rural
areas of Ireland and Scotland. Hence, they may avoid the costly installation of a long
overhead line between the test site’s onshore substation and the inland connection point.
From a financial point of view, this means that the expensive power systems reinforcement
necessary for facilitating the large scale integration of wave farms can be postponed until
the wave energy industry reaches a certain degree of commercial maturity. This represents
a major asset for the wave energy community as it will enable the different stakeholders
to gain confidence in the technology before important investments are required.

However, major questions remain concerning the maximum farm power capacity up
to which a wave farm can be connected safely to the distribution network from a power
quality perspective. This power capacity limit represents the transition point towards a
fully mature technology used in large, high voltage offshore farms. Its estimation would
contribute to establishing a long-term vision of the wave energy industry development. In
this perspective, the impact on the grid of a 50 MW-rated wave farm is investigated in
Chapter 6.

The relevance of the very stringent requirement in terms of flicker, as currently en-
forced in the Republic of Ireland, was discussed. It was concluded that, based on the
results presented in this chapter, the current flicker limit, equal to 0.35, may be relaxed
without being detrimental to the customers. In addition, the results showed that the flicker
generated by a medium size wave farm may exceed this limit of 0.35 for a large number of
short-circuit ratio/impedance angle combinations. Hence, not relaxing this limit may im-
pede significantly the large scale development of the wave energy industry in this country.

Finally, this chapter presented results concerning the influence on power quality of the
farm orientation (compared to the dominant wave direction) and of the device layout. The
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influence of these parameters was demonstrated to be significant on the voltage and on the
flicker for connection points whose impedance angle does not exceed 50◦ and 70◦ respec-
tively. The wave farm orientation can be a determining factor in the wave farm success or
failure in complying with power quality requirements. Hence, this aspect should be taken
into account in the design of wave farm in addition to the energy capture optimisation
which is usually the only aspect considered at early design stages.

Designing a wave farm optimally is a complex process which necessitates meeting
requirements of many different types: technical, economical, environmental, etc. However,
the number of studies focusing on the design of a wave farm from an electrical engineering
perspective is extremely limited. In addition, they are generally based on a constant farm
power output, in similar fashion to wind farms design studies. This does not take into
account the effect of the power fluctuations induced by the waves and may thus lead to
a significant level of error when defining the minimum rating required from the farm’s
electrical elements. In this perspective, a detailed analysis was undertaken regarding the
minimum rating of the submarine cables and of the VAr compensator, while addressing
also the losses in the system. The results of this analysis are presented in the next chapter.
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Chapter 5

Design of a wave farm’s electrical
network

5.1 Introduction

A wave farm must be optimally designed in order to maximise the revenue it generates
and to minimise its capital expenditure. This may be achieved among others by select-
ing equipment with suitable characteristics, such as rating and impedance. This selection
should focus on maintaining regulatory voltage and flicker levels, on minimising the active
power losses as well as on avoiding over-design and costly over-rating of the farm’s elements.

Based on the same wave farm model as described in Chapter 4, the minimum rating
of two types of expensive pieces of equipment, namely the VAr compensator and the sub-
marine cables, are investigated in terms of reactive power and current respectively. These
ratings are defined as the smallest reactive power or current level for which a given farm’s
element is operated safely, for instance without exceeding the maximum permissible tem-
perature in the case of the cables, and by meeting the power factor requirements at all
times for the VAr compensator.

Both the inductive and capacitive ratings of the VAr compensator are investigated, as
well as the influence on these ratings of two major farm design parameters, namely the
length of both the submarine cables and the overhead line.

The minimum current rating of the cables is investigated from a thermal loading per-
spective. This chapter highlights that the present rating determination methods, being
based on steady-state calculations, may no longer be realistic in the case of wave energy
applications, due to the relatively large current fluctuations generated by wave farms. Ad-
ditional methods intended to take the thermal dynamic response of the cables into account
were developed in the context of this thesis and are presented in this chapter. The third
and last study of this chapter focuses on the active power losses dissipated within the
farm, and more especially on their distribution over the different pieces of equipment as
well as on the loss of revenue they represent.

5.2 VAr compensator

5.2.1 Methodology

The cost of a VAr compensator is highly dependent on its rating, which must then be
carefully selected. Both the minimum required levels of reactive power it must absorb and
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Test site Cable length (km) Estimated line length (km)

AMETS(Ireland) 6.5 to 16 5 (38 kV)
bimep (Spain) 3.4 to 5.9 [95] N/A
EMEC (UK) 4.7 to 8.0 [79] 1 unknown

SEM-REV (France) 23 [96] 1 unknown
WaveHub (UK) 16 [78] N/A

1 estimated

Table 5.1: Cable and line length at different test sites (either planned, under development
or in operation)

generate are investigated in this work. The VAr compensator maintains power factor at a
fixed level at the PCC which is selected as unity for this study, this type of operation being
typical for wind farms. However, in the case of a wave farm, the distance between the
generators and the PCC is considerably increased, which is expected to increase as well
the level of reactive power absorption and generation required from the VAr compensator.

Load flow simulations were performed in PowerFactory in order to determine the re-
active power consumption of the farm’s electrical network. The results are detailed by
type of element in Section 5.2.3. The minimum required ratings in terms of reactive power
generation and absorption required from the VAr compensator are determined from these
results. Two cases are considered. In the first case, the farm outputs its rated power equal
to 20 MW: reactive power absorption by the farm’s electrical network is thus maximal,
and so is the reactive power generation required from the VAr compensator. In the second
case, the farm outputs no power, which implies that the series reactive power losses are
negligible. In this case, the shunt reactive power generation from the cables is predom-
inant, hence the amount of reactive power to be absorbed by the VAr compensator is
maximal.

Considering that the submarine cables and the overhead line are expected to be the
major reactive power elements, the results were expected to be highly dependent on their
length. The study was thus performed for cable lengths ranging between 5 km and 30 km,
and for line lengths ranging between 5 km and 20 km. These values are deemed represen-
tative of the typical length of the submarine cable(s) and of the overhead line included in
the design of different test sites whose characteristics are shown in Table 5.1.

5.2.2 Theoretical analysis

Introduction

The reactive power consumption of each element of the wave farm’s electrical network
was calculated based on two different methods in order to validate the results. It is com-
puted based on the load flow analyses in PowerFactory and it is also estimated using the
simplified load flow programme developed for the purpose of this thesis and presented in
Chapter 4.

In addition, the reactive power consumption of each element was calculated from an
approximate method using analytical formulae in order to facilitate the interpretation of
the trends observed in the different graphs. The principle of this approximate method is
detailed in the following section.
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Approximate method

The approximate method is based on the assumption that the voltage at all the busses
in the system is equal to 1.0 pu and that their angles is equal to 0◦. This corresponds
approximately to the results obtained with the “flat start” method typically used with the
Newton-Raphson algorithm prior to any iteration. However, for the sake of simplification,
the power consumption of the onshore substation, which is modelled by load L′ connected
at the high-voltage side of the 10/20 kV bus, was not taken into account in the calcula-
tions. This should lead to a negligible error in compared to the two iterative methods
based on the Newton-Raphson algorithm.

The principle of the approximate method consists of calculating the reactive power
consumption of each element of the network from the generators up to the PCC. This is
done by calculating the value of the apparent power Si flowing through a bus i based on
the apparent power Si−1 flowing through the bus i− 1 located upstream minus the active
and reactive power losses Slossesi due to the impedance located between the two busses
i− 1 and i as:

Si = Si−1 − Slossesi (5.1)

The reactive power consumption Qseries of each series element of impedance Z =
R+ jX is calculated as:

Qseries = 3XI2 = 3X

S − 3Z
(

S√
3V

)2

√
3 V


2

(5.2)

where I is the current flowing through the impedance, and V is the voltage at its terminals
which is assumed to be equal to 1.0 pu6 0◦. The reactive power consumption Qshunt of the
two shunt capacitances C/2 of a cable can be expressed as:

Qshunt =− 3ZI2 = −3
V 2

Z
=− 3V 22πCfe = −6V 2πCfe

(5.3)

where fe is the frequency of the power system supply.

5.2.3 Results

Transformers

Figures 5.1a to 5.1d show the reactive power consumption of the 0.4/10 kV transformers
for all the three methods described in the previous section. The results obtained with
PowerFactory are labelled “‘PowerFactory”, those obtained with the simplified load flow
programme are labelled “Theoretical” and those obtained with the approximate method
are labelled “Approximation”.

The results obtained with PowerFactory as well as those obtained with the simpli-
fied load flow programme indicate that the reactive power consumption of the 0.4/10 kV
transformers decreases as a function of the cable length. On the contrary, the curve corre-
sponding to the approximate method indicates a constant reactive power consumption. As
this method assumes that the voltage at all the busses is equal to 1.0 pu6 0◦, the decreasing
trend observed for both the results obtained with the iterative methods can be assumed
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(a) lL=5 km (b) lLl=10 km

(c) lL=15 km (d) lL=20 km

Figure 5.1: Reactive power consumption of the 0.4/10 kV offshore transformers for differ-
ent values of the overhead line’s length lL

to be due to the increase of the voltage at the transformers’ terminals as a function of
the cable length. The amount of reactive power consumed by the offshore transformers
ranges between 0.7 MVAr and 1.2 MVAr depending on the cable length considered. As the
influence of the line length on the voltage at the transformers’ terminals is negligible, the
influence of this parameter on the reactive power consumption of the 0.4/10 kV offshore
transformers is also negligible.

This predominance of the cable length influence can be illustrated by the difference in
terms of reactive power consumption compared to the case where the line is 5 km long.
These results are shown in Table 5.2a. It should be noted that the maximum difference
which can be observed in terms of reactive power consumption when the line length is
multiplied by 4 (from 5 km to 20 km) does not exceed 14% compared to the 5 km case.
This correspond to 0.14 MVAr only. In comparison, the maximum difference which is
observed when the cable length is multiplied by 6 (from 5 km to 30 km) is equal to 44%
compared to the case where the cable is equal to 5 km, as shown in Table 5.2b.

Results similar to those presented for the 0.4/10 kV transformers are observed for the
10/20 kV transformer, as shown in Figures 5.2a to 5.2d. The reactive power consumption
of the 10/20 kV onshore transformer decreases also as a function of the cable length, which
is indicated by both the theoretical and simulation results, as well as by the results ob-
tained from the approximate method. Two factors can be responsible for this trend: the
voltage increase at the transformer’s terminals and the power losses in the cables which
make the apparent power flowing through the transformer decrease as a function of the
cable length. This decrease is indeed very significant, as illustrated in Figure 5.3 which
presents the apparent power flowing from the overhead line through the PCC as a function
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Line length (km)
Cable length (km) 10 15 20

5 3% 7% 14%
10 2% 5% 10%
20 0% 2% 5%
30 0% 2% 4%

(a) Comparison with the case where the overhead line is 5 km long

Line length (km)
Cable length (km) 5 10 15 20

10 -9% -10% -11% -13%
20 -23% -26% -28% -31%
30 -34% -37% -39% -44%

(b) Comparison with the case where the submarine cable is 5 km long

Table 5.2: Increase in terms of reactive power consumption for the 0.4/10 kV transformer

Line length (km)
Cable length (km) 5 10 15 20

5 2.1 2.2 2.2 2.3
10 2.0 2.0 2.0 2.1
20 1.7 1.7 1.7 1.7
30 1.4 1.4 1.4 1.5

Table 5.3: Reactive power consumption (MVAr) of all the transformers included in the
farm’s electrical network

of the cable length for a line length equal to 5 km. Additional simulations based on a line
length equal to 10 km, 15 km and 20 km gave similar results.

The results obtained from the approximate method are relatively close to the results
obtained through the Newton-Raphson method. It is important to bear in mind that with
the approximate method, the voltage at any bus of the network is assumed to be equal to
1.0 pu6 0◦. Hence, it can be concluded that the decreasing trend observed regarding the
reactive power consumption of the 10/20 kV transformer is induced mainly by the power
losses in the cables. In conclusion, the reactive power consumption of both the offshore and
the onshore transformers was demonstrated to be highly dependent on the cable length,
the overhead line length having a much lesser influence as expected. This is illustrated
in Table 5.3 which presents the total reactive power absorption of all the transformers in-
cluded in the farm’s electrical network for the considered cable and overhead line lengths.

Submarine cables

As shown in Figure 5.4, the submarine cables generate more reactive power than they
consume when the farm power output PG is equal to zero, as the consumption of the
cables is negative. The results obtained with all the methods used in this study are in
good agreement. In this case, the VAr compensator must absorb reactive power. The
reactive power generation Qcable of the cables increases linearly as a function of their
length, which proves that the influence of the series reactance is negligible in this case.
The proportional factor between the shunt impedance of the cable and its length lC can
thus be defined from:
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(a) lL=5 km (b) lL=10 km

(c) lL=15 km (d) lL=20 km

Figure 5.2: Reactive power consumption of the 10/20 kV onshore transformer for different
values of the overhead line’s length lL

Figure 5.3: Apparent power flowing from the overhead line through the PCC as a function
of the cable length
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Figure 5.4: Reactive power consumption of the cables as a function of their length
(PG=0 MW)

QCshunt = −4× 3ZCI
2 = −4× 3V 22πCkmfelc = −24V 2πCkmfelC (5.4)

so the proportionality factor is equal to:

−24V 2πCkmfe = −24

(
10.103

√
3

)2

π × 0.22.10−6 × 50 = −0.0276 MVAr/km

where Ckm is the shunt capacitance per kilometer of the cable and the voltage V is as-
sumed to be equal to 1 pu. The proportionality factor found in the simulation results is
also equal to -0.0276 MVAr/km.

The reactive power consumption of the cables ranges between -0.1 MVAr to -0.9 MVAr
depending on the cable length considered. The length of the overhead line has a negligible
influence on the reactive power consumption of the cables in this case, as it increases by
only 0.02 MVAr maximum when the value of the length is increased from 5 km to 20 km.
Hence, it was not judged necessary to present the results as a function of the length of the
overhead line.

On the contrary, the submarine cables consume more reactive power than they generate
in the case when the farm outputs its rated power (PG=20 MW) and for the entire length
range considered in the study (5 km to 30 km). This is illustrated in Figures 5.5a to 5.5d.
The results obtained with the three methods are in good agreement. The reactive power
consumption of the cables, as defined with the approximate method, is calculated as:

Qcable =QCshunt +QCseries

=4(−3V 22πCkmfelC + 3XkmI
2
Glc)

=4

−3V 22πCkmfelC + 3Xkm

S −
(

3 S√
3V

)2
ZkmlC

√
3V


2

lC

 (5.5)

where IG and S are respectively the current and the apparent power flowing from the farm
through each cable, and Zkm is the series impedance per kilometer of a single cable.
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(a) lL=5 km (b) lL=10 km

(c) lL=15 km (d) lL=20 km

Figure 5.5: Reactive power consumption of the cables as a function of their length for
different values of the overhead line length (PG=20 MW)

It is interesting to observe that the reactive power consumption does not increase lin-
early as a function of the cable length, contrary to the case where the farm outputs a
power PG equal to 0 MW. This is of course explained by the fact that the reactive power
consumption of the cable series reactance and the reactive power generation of the shunt
capacitance are two opposites effects which are approximately of the same order of mag-
nitude. The former was shown to prevail for distances less than 30 km, which corresponds
to the maximum cable length considered in this study. However, the proportion of the
reactive power generation by the shunt capacitance becomes more and more important as
the cable length increases, which limits considerably the reactive power actually consumed
by the cables.

The length of the overhead line has a negligible influence on the reactive power con-
sumption of the cables in this case, as it increases by only 0.1 MVAr maximum when the
value of the length is increased from 5 km to 20 km, as shown in Table 5.4. The maximum
amount of reactive power both absorbed and generated by the four submarine cables are
summarised in Table 5.5.

Overhead line

As shown in Figure 5.6, the reactive power consumption of the overhead line increases lin-
early as a function of its length by a proportionality factor ranging between 0.17 MVAr/km
to 0.27 MVAr/km depending on the cable length considered. These values are in agree-
ment with the expected proportionality factor, which ranges between 0.22 MVAr/km to
0.27 MVAr/km according to the results obtained with the approximate method. This vari-
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Line length (km)
Cable length (km) 5 10 15 20

5 0.4 0.4 0.4 0.4
10 0.8 0.8 0.8 0.8
20 1.2 1.2 1.2 1.2
30 1.4 1.4 1.4 1.5

Table 5.4: Total reactive power consumption (MVAr) of the four submarine cables

Reactive power (MVAr)

PG=0 MW -0.1 -0.9

PG=20 MW 0.4 1.2

Table 5.5: Maximum amount of reactive power both absorbed and generated by the four
submarine cables

Figure 5.6: Reactive power consumption of the overhead line as a function of its length
for several values of cable length

ability of the proportionality factor is due to the power losses in the cables which increase
as a function of their length.

The results indicate also that the reactive power consumption of the overhead line
decreases as a function of the cable length, as shown in Figures 5.7a to 5.7d. The results
obtained through the approximate method being similar to those obtained with the two
iterative methods, the decreasing trend observed for the reactive power consumption of
the overhead line can be assumed to be due to the decreasing amount of apparent power
flowing through the overhead line as the cable length increases (due to the power losses
dissipated by the cables). This decrease can be significant, as the reactive power consump-
tion of the overhead line may decrease by up to 36% when the cable length is increased
from 5 km to 30 km, as shown in Table 5.6.

Depending on the length of the cables and of the overhead line, this latter element can
consume between 0.9 MVAr and 6.0 MVAr, as shown in Table 5.7. Hence, the overhead
line may constitute by far the element in the farm’s electrical network which consumes the
most important share of reactive power.
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Line length (km)
Cable length (km) 5 10 15 20

10 7% 8% 8% 9%
20 22% 22% 23% 25%
30 32% 32% 33% 36%

Table 5.6: Decrease (%) in terms of reactive power consumption compared to the case
where the submarine cables are 5 km long

(a) lL=5 km (b) lL=10 km

(c) lL=15 km (d) lL=20 km

Figure 5.7: Reactive power consumption of the overhead line as a function of the cables’
length for different values of its length (PG=20 MW)

Line length (km)
Cable length (km) 5 10 15 20

5 1.3 2.7 4.0 5.4
10 1.2 2.4 3.6 4.9
20 1.0 2.0 3.0 4.1
30 0.9 1.7 2.6 3.5

Table 5.7: Reactive power consumption (MVAr) of the overhead line for a number of line
and cable length combinations
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(a) PG=0 MW

(b) PG=20 MW

Table 5.8: Reactive power generated by the VAr compensator as a function of the length
of the submarine cables and of the overhead line

Minimum ratings required from the VAr compensator

The results detailed in the previous section indicated that the farm’s electrical network
generates reactive power when the farm power output PG is equal to zero, which the VAr
compensator must absorb, while it consumes reactive power when the farm power output
is sufficiently important, requiring the VAr compensator to generate reactive power in this
case. Table 5.8a and 5.8b summarise the amount of reactive power to be generated by the
VAr compensator as a function of the length of the cables and of the overhead line.

As expected, the influence of the cables prevails over that of the overhead line when
the farm power output PG is equal to zero. However, when its power output is equal to
20 MW, the amount of reactive power to be supplied by the VAr compensator is deter-
mined mainly from the length of the overhead line, while the length of the cables has a
lesser, but still very significant, influence.

It may be practical to determine the share of the VAr compensator rating which cor-
responds to the reactive power consumption of each type of element for PG=20 MW. The
results are illustrated in Figures 5.8a to 5.8d. As shown in Figure 5.8a, if the test site is lo-
cated at a short distance from a suitable connection point, thus requiring a short overhead
line, the required rating can be approximately estimated from the expected reactive power
consumption of the transformers and of the overhead line if the cables are sufficiently short.
However, if the devices are to be located at a relatively long distance from the shore, the
consumption of the cables must be taken into account, as shown in Figure 5.8b. If on the
contrary the connection point is located far from the test site, the reactive power consump-
tion of the overhead line constitutes between 50% and 75% of the rating required from the
VAr compensator, as shown in Figures 5.8c and 5.8d. Hence, the rating can be roughly
estimated based on the reactive power consumption of this latter element only in this case.

The results indicate that, under the conditions considered in this study, the VAr com-
pensator is required to generate between 3.6 MVAr and 9.0 MVAr, and to absorb between
0.1 MVAr and 0.8 MVAr, as summarised in Table 5.9. Although the amount of reactive
power to absorb is relatively small, the amount of reactive power which should be generated
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(a) Cable: 5 km, line: 5 km (b) Cable: 5 km, line: 20 km

(c) Cable: 30 km, line: 5 km (d) Cable: 30 km, line: 20 km

Figure 5.8: Distribution of the reactive power consumption of the farm’s network as a
function of the type of its elements

Generation Consumption

Minimum Maximum Minimum Maximum

3.6 9.0 0.1 0.8

Table 5.9: Maximum and minimum amount of reactive power either generated or absorbed
by the VAr compensator

may become very large in the case of a wave farm including a sufficiently long overhead
line. Hence, the cost corresponding to the purchase of a suitable VAr compensator may
render the project less economically attractive. Consequently, it is not recommended to
develop a test site at a medium voltage level if a suitable connection point is not available
in the close neighbourhood. On the contrary, there is no limitation on the length of the
cables with respect to the rating of the VAr compensator, as increasing this parameter
decreases the overall reactive power consumption of the farm’s electrical network, due to
the large apparent power losses it induces. However, this decreases dramatically the effi-
ciency of the network. In addition, sufficiently long cables represent a large capacitance
which may have a significant impact on the voltage at low load, that is when the series
reactance has little influence.

5.2.4 Summary

The study presented in the first part of this chapter focused on the evaluation of the
minimum rating required from the VAr compensator both in terms of reactive power gen-
eration and absorption. The length of the submarine cables was demonstrated to have a
strong influence on both these two variables. The influence of the overhead line is also
very important, and even prevails over that of the submarine cables when the farm power
output is sufficiently high.
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The results of the studies performed with PowerFactory were compared to the results
obtained with the simplified load flow programme developed for the purpose of this thesis
which was presented in Chapter 4. In addition, another method complementary to the
previous two was developed to give a more precise understanding of the different physical
phenomena at play. Generally speaking, the simulation results obtained with PowerFac-
tory are in good agreement with the results obtained with the other two methods. The
amount of reactive power to be absorbed by the VAr compensator is relatively small as it
ranges between 0.1 MVAr and 0.9 MVAr depending on the cable length considered. On the
contrary, the amount of reactive power to be generated is significant even in the case where
both the cables and the overhead line are relatively short. This amount increases rapidly
as a function of the overhead line length and ranges between 3.6 MVAr and 9.0 MVAr,
depending on the length considered.

However, results showed that the amount of reactive power required from the VAr
compensator, when the farm power output PG is equal to 20 MW, decreases as a function
of the length of the cables. This latter trend was explained by the fact that the apparent
power S flowing from the cables through the 10/20 kV transformer and the overhead line
decreases significantly as the length of the cables increases.

It was recommended to select preferably test sites where a point of connection is
available at a relatively close distance from the onshore substation, in order to limit the
minimum rating required from the VAr compensator in terms of reactive power generation.
From this perspective, increasing the cable length was not considered as an issue, as the
overall reactive power consumption of the farm’s electrical network decreases as a function
of this parameter. It must be borne in mind, however, that increasing the length of the
cable decreases dramatically the efficiency of the network. Generally speaking, the length
of the overhead line and of the cables should be minimised to limit both the infrastructure
costs associated with the VAr compensator, the overhead line and the submarine cables.
In addition, minimising their length minimises also the revenue loss occurring in the form
of energy losses.

5.3 Current rating of the submarine cables

5.3.1 Introduction

The experience gained from the wind energy industry as well as studies focusing on wave
energy have demonstrated that exploiting the entire amount of wave energy available at a
given site, including during the periods presenting the most extreme wave conditions, may
be detrimental from an economic perspective. Besides requiring a more robust wave de-
vice design, harnessing energy during the most energetic sea-states demands also a higher
rated, and thus more expensive, power transmission subsystem, in particular regarding the
submarine cables. A study suggests power generation curtailment during highly energetic
conditions as a possible way to decrease the capital expenditure of a wind farm by reducing
the rating of its cables. It demonstrates indeed that the optimal current rating, from an
economical point of view, of the wind farm’s export cable corresponds to a fraction of the
farm rated power (which is equal to 89% under the conditions considered in this study) [97].

In similar fashion, it was demonstrated that the submarine cables of a wave farm may
be significantly under-used if they are designed with respect to the most energetic sea con-
ditions [98]. This study highlighted that the contribution of the most energetic sea-states
to the annual electricity production may be relatively negligible. Hence, power generation
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Figure 5.9: Illustration of the principle of the algorithm developed for evaluating the
different time intervals during which the current is above a given level

curtailment during these periods is proposed as a solution for limiting the costs related to
the electrical infrastructure.

Another approach, which is complementary to the curtailment method, consists of es-
timating the minimum current rating required from the cables based on their dynamic
thermal response. It is important to bear in mind that the current rating is determined
from the maximum temperature at which the cable can be safely operated. Hence, tem-
perature constitutes one of the main limiting factors for power transmission. However, the
minimum current rating of a cable is usually determined based on steady-state calculations
which are not representative of, nor relevant to wave energy applications, considering the
rapid current fluctuations generated by a wave farm compared to the very slow thermal
dynamic response of a submarine cable: indeed, typical thermal time constants range
usually between 2 minutes and 30 minutes [56, 57]. Based on these observations, it can
be expected that the steady-state temperature corresponding to a given current peak will
never be reached, as the duration of these peaks may be very short.

The typical duration of the current peaks was verified by an algorithm developed for
the purposes of this study and whose principle is illustrated in Figure 5.9. This algorithm
determines the duration of the time intervals during which the current flowing through
a cable is above a given level. This operation is repeated for a number of levels ranging
between the minimum and the maximum current level observed in the time series. The
results obtained with respect to the frontal and to the lateral farm orientations are pre-
sented in Figures 5.10a and 5.10b respectively. As expected, the current remains regularly
at lower levels when the frontal orientation is used than when the lateral orientation is.
However, the current flowing through one cable is greater when this latter orientation is
used, which can be explained by the fact that a greater number of generators output the
same power profile in this case. These figures show that the duration of the current fluc-
tuations are of the order of tens of seconds only for current levels of significant amplitude.
Consequently, it may be possible for a submarine cable to transport safely more current
at an instant t than its steady-state rating indicates. This means also that the maximum
current flowing through a cable is no longer a relevant criterion for the evaluation of its
current rating.
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(a) Frontal orientation

(b) Lateral orientation

Figure 5.10: Duration of the time intervals during which the current flowing through a
cable is above a given current level
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This study investigates the dynamic thermal response of the submarine cables imple-
mented in the network model to the current time series corresponding to the production
period A. The objective is to determine a minimum current rating for which the temper-
ature of these cables does not exceed a limit which is defined in the following section.

The two methods developed for evaluating the current rating which are presented in
this chapter are expected to have a significant impact on the capital expenditure of a wave
farm, as the cabling cost may represent a significant share of the capital expenditure. More
precisely, in the case of large offshore wind farms, the cost of cabling may represent up to
20% [53]. Hence, decreasing the rating of the cables, and thus their cost, may represent
significant savings in terms of capital expenditure.

The first method is a simplified method from which an approximate value of the current
minimum rating can be determined. The second method is more detailed and is based on
the recommendations of the IEC standards 60287-1-1 [54] and 60287-2-1 [99]. The results
obtained with both methods were compared.

5.3.2 Simplified method

Methodology

A simplified study was conducted initially, its results being then used as a benchmark for a
more detailed study performed subsequently. The current time series as generated in Pow-
erFactory were used. The thermal response of a submarine cable to a given current profile
is estimated by means of a Simulink model shown in Figure 5.11. The model consists of
a first order low-pass filter simulating the thermal response of the cable. As the temper-
ature increase ∆θ above the ambient temperature θamb is assumed to be proportional to
the square of the current I(t), the temperature θf the cable is defined as:

θ = ∆θ + θamb =
KθI

2(t)

1 + sτ
+ θamb (5.6)

where Kθ is a gain equal to:

Kθ =
θf − θamb
(Ac Iavg)2

(5.7)

and τ is the thermal time constant of the cable, θf is its temperature corresponding to a
steady-state constant current equal to Iavg, which is the average current of the time series,
and Ac is a percentage less than or equal to 100%. The idea underpinning the definition
of gain Kθ consists of assuming that the temperature of a cable would rise from the am-
bient temperature θamb to a typical final operating temperature θf under the action of a
constant current whose amplitude is equal to AcIavg, provided that the cable is rated at
this current level. The average of the current times series for this study was selected as it
was intuitively expected to be a more relevant criterion than the maximum current level.
This model is based on the assumption that the cable can dissipate the heat it generates
in the environment.

The simulations are performed in two steps. First, a constant current equal to AcIavg
is applied to the Simulink model in order to obtain the temperature θf . Once this tem-
perature is reached, the current time series generated in PowerFactory is applied to the
model to observe the effect of the current fluctuations on the temperature of the cables.
This is illustrated in Figure 5.12 which shows the current input and its corresponding ca-
ble temperature for Ac=100%. It must be noted from this figure that current fluctuations
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Figure 5.11: Cable thermal model developed in Simulink

Figure 5.12: Current input I(t) and resulting temperature θ for a cable rated to Iavg

which are sometimes three times greater than the average current level induce a limited
temperature rise of approximately 6% of the final temperature only. This shows that a
cable whose steady-state rating corresponds to a current level approximately equal or even
smaller than Iavg could be used without exceeding the maximum permissible temperature.

The maximum temperature reached under the influence of the current fluctuations was
recorded for a decreasing percentage Ac until it exceeds the maximum permissible tem-
perature. The smallest percentage Acmin for which the cable temperature does not exceed
the maximum operating temperature determines the minimum current rating Acmin×Iavg
which could be selected for operating the cable under the sea-state conditions selected for
the study.

An ambient temperature θamb equal to 10◦C was selected based on typical sea water
temperatures. This value was considered to be representative of the average external
conditions at seabed level in North-West Europe, but it is assumed to be representative
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Figure 5.13: Minimum ratings in terms of percentage of the average current flowing
through the cable for both wave farm orientations

also of a range of conditions at a number of locations. The final temperature θf must range
between the ambient temperature and the typical operating temperature equal to 90◦C
for submarine cables. A value equal to 70◦C was arbitrarily chosen for this parameter
assuming the cable is operated at partial load, which is correct as the power output of the
wave farm never reaches its rated power equal to 20 MW, as described in Chapter 4.

Results

The results indicated that the minimum percentage Acmin below which the temperature
exceeds 90◦C ranges between 88% and 91% of the current time series average Iavg. In
other words, a cable could be rated to 88%-90% of the average current flowing through
it. This is illustrated in Figure 5.13 which presents the minimum ratings in terms of per-
centage of the average current for both the frontal and the lateral farm orientations. The
corresponding current rating represents only 21% to 22% of the maximum current flowing
through the cable. Hence, this suggests that the submarine cables to be used for wave
energy applications could be rated to current level even lower than the average current
flowing through them. In addition, it must be noted that limiting the cable temperature
to 90◦C constitutes a worst case scenario, considering that the submarine cables may be
operated at higher temperatures for periods of time which, although being limited, can be
relatively long compared to the rapid temperature fluctuations induced by the observed
current variations.

It is interesting to note that the results are relatively similar regardless of the thermal
time constant τ used. This can be explained by the action of two opposite effects. On one
hand, a greater thermal time constant simulates the response of a cable whose tempera-
ture is less responsive to current fluctuations, resulting in temperature fluctuations with a
smaller amplitude. On the other hand, the temperature of this type of cable decreases also
more slowly during current troughs. Consequently, the average temperature rises until a
new equilibrium is reached. Figures 5.14a to 5.14d, which show the cable temperature for
four different values of τ ranging between 2 min and 30 min, illustrate this phenomenon.
Figure 5.14a shows the temperature profile of the cable for the smallest value of τ equal to
2 min which is presented for the sake of illustrating the two phenomena described in this
paragraph. However, these results were not retained for the study, considering that such
a quick response time is unrealistic regarding the large difference between the initial and
the final temperatures, which are equal to 10◦C and 70◦C respectively.
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(a) τ=2 min (b) τ=10 min

(c) τ=20 min (d) τ=30 min

Figure 5.14: Temperature of the cable for different thermal time constant τ

Simulations were performed for both the frontal and the lateral farm orientations.
The results showed that this criterion has an influence which is however very limited on
the cable minimum rating, as shown in Table 5.10. This can be explained by the fact
that the amplitude of the current fluctuations are relatively similar in both cases, even
though they are slightly greater when the lateral orientation is used. The maximum
current corresponding to each of these farm orientations is equal to 174 A for the frontal
orientation and to 194 A for the lateral orientation.

Minimum current rating (A)
τ (min) Frontal Lateral

10 54.7 56.2
20 54.1 55.0
30 53.5 54.4

Table 5.10: Minimum current rating (A) as a function of the thermal time constant τ and
of the farm orientations.
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Summary

The results of the study conducted with the simplified method indicate that the average
value of a current profile is a relevant indicator for the selection of a suitable cable rating
from a thermal loading perspective. The simulations for which different values of the
thermal time constants τ were used as well as simulations using two different wave farm
orientations proved to give relatively similar results. This shows that the influence of
both these parameters may be relatively limited. The results of the more detailed analysis
conducted subsequently are presented in the next section.

5.3.3 Detailed method

Introduction

The calculations performed in this detailed study are based on the recommendations of IEC
standards 60287-1-1 and 60287-2-1. This set of standards defines a method for determin-
ing the maximum current which may be carried by a cable under steady-state conditions.
The method is based on the maximum permissible temperature rise ∆θ above ambient
temperature, and on the thermal properties of the different cable’s parts.

A reverse approach is adopted in this study for determining the temperature increase
∆θ(t) resulting from the application of a fluctuating current I(t). A temperature rise ∆θcst
corresponding to a constant current I = I(t) is calculated for each point of the current
time series. Then, in similar fashion to the simplified study, the temperature rise ∆θ(t)
is modelled by filtering the profile of the temperature rise ∆θcst by means of a first order
low-pass filter whose time constant τ corresponds to the thermal time constant of the cable.

Characteristics of the cable

Table 5.11 shows the characteristics of the cable implemented in PowerFactory model. Its
rating Irated was initially selected based on the maximum current which may flow through
each of the cables and which corresponds to the initial rated power Prated of the Belmullet
test site equal to 10 MW, as defined in Chapter 3. The corresponding maximum current
is equal to:

Irated =
Prated

4√
3V

=
10×106

4√
3× 10× 103

= 144 A (5.8)

As shown in Figure 5.15, the cable includes three copper conductors insulated with
cross-linked polyethylene (XLPE) and having each a copper screen. The sheath is made of
polyethylene and the bedding of polypropylene yarn, as well as the serving. The surround-
ing armour is made of galvanised steel [100]. Additional data necessary to perform the
calculations are however not indicated in the Nexans data sheet for this cable. Hence, it
was estimated from additional data found in data sheets of other cables of similar structure,
operating voltage and conductor size.

Methodology

As defined in IEC standard 60287-1-1, the steady-state temperature rise ∆θ of a conductor
above the ambient temperature θamb can be expressed as:

∆θ =(I2R+
1

2
Wd)T1 + [I2R(1 + λ1) +Wd]nT2

+ [I2R(1 + λ1 + λ2) +Wd]n(T3 + T4)
(5.9)
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Figure 5.15: Structure of the cable implemented in the PowerFactory model

Parameter Definition Numerical value

dc Conductor diameter 8.2 mm
S Conductor cross-section 50 mm2

Vn Operating voltage 12/20 (24) kV
θc Operating temperature 90◦C

tinsulation Nominal insulation thickness 5.5 mm
Sscreen Screen section 16 mm2

tsheath Nominal outer sheath thickness 2.5 mm
tarmour Armour thickness 3.15 mm
Aburied Permissible current rating when buried 199 A

Table 5.11: Characteristics of the cable selected initially for the electrical network model

where I is the current flowing in one conductor (A), R is the resistance per meter (Ω/m),
Wd is the dielectric loss per meter (W/m), T1, T2, T3 and T4 are the thermal resistances
of different parts of the conductor (K.m/W), n is the number of conductors in the cable,
λ1 and λ2 are the loss ratios in different parts of the conductor to the total losses in all
the conductors. The dielectric loss is calculated as:

Wd = ωCWU
2
0 tanδ (5.10)

where CW is the capacitance per meter and per phase, U0 is the line-to-neutral voltage and
tan δ is the loss tangent. The dielectric loss is induced by the variations of the electrical field
in a dielectric material. This phenomenon can be considered as instantaneous compared
to the simulation time step used in the study (equal to 0.05 s). Hence, although (5.10) was
defined initially for steady-state conditions, it is considered as applicable in the case of the
dynamic simulations performed here. Hence, the instantaneous dielectric loss is calculated
from the instantaneous voltage amplitude V (t) defined by the time series generated in
PowerFactory, as shown by (5.11). The rest of the calculations was performed according
to the recommendations of the IEC standards 60287-1-1 and 62087-2-1.

Wd(t) = ωCWV
2(t) tan δ (5.11)

In similar fashion to the simplified study, the maximum permissible temperature was
chosen equal to the operating temperature of 90◦C. As mentioned earlier, this represents
a worst case scenario, considering that the cable is designed to be operated at higher
temperatures for limited periods of time. It is also interesting to note that by limiting the
maximum permissible temperature to its nominal operating value, no additional thermal
aging effect compared to the steady-state case (due to excessive temperatures) needs to
be considered.
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Parameter Definition Numerical value

T1 Thermal resistance between conductor and sheath 0.4929 K.m/W
T2 Thermal resistance between sheath and armour 0.0890 K.m/W
T3 Thermal resistance of external serving 0.1827 K.m/W
T4 External thermal resistance 0.6783 K.m/W

Wd
1 Dielectric loss 0.0041 W/m

λ1
2 Loss ratio 7.9151.10−7

λ2
2 Loss ratio 1.8093.10−7

I2R 2 Thermal losses from one conductor 19 W/m
1 Instantaneous value calculated based on a constant voltage equal to 10 kV
2 Instantaneous value calculated based on a constant current equal to 100 A

Table 5.12: Thermal parameters of the selected cable

Results

The different thermal parameters necessary for calculating the steady-state temperature
rise above ambient temperature θamb were calculated according to the methods described
in IEC standards 60287-1-1 and 62087-2-1. Their numerical values are shown in Table 5.12.
Although the dielectric loss Wd and of the loss ratios λ1 and λ2 vary as a function of the
voltage and of the current respectively, their numerical values corresponding to a constant
voltage equal to 10 kV, and to a constant current I equal to 100 A are presented in this
table as well in order to provide information on their order of magnitude. Due to copyright
issues regarding the IEC standards used for the calculations, they will not be detailed in
this thesis.

As expected from medium voltage cables with relatively small size conductors, the
skin effect and the proximity effect proved to be negligible, as well as the dielectric losses
Wd [101].

The results obtained with the detailed method presented here indicate the cable is
clearly over-rated. Although the maximum current flowing through it is equal to 174 A
for the frontal farm orientation, the temperature reached by this conductor (whose diam-
eter is equal to 8.2 mm) is equal to 17◦C only, as illustrated in Figure 5.16 which shows
the temperature actually reached by the conductor (for several values of the thermal time
constant τ), as well as the temperature predicted by the steady-state calculations as a
function of the conductor diameter. This is much lower than the temperature limit de-
fined in this study which is equal to 90◦C. The very important difference which exists
between the temperatures obtained with the steady-state and with the dynamic methods
illustrates the lack of relevance of steady-state calculations regarding the evaluation of the
cable thermal loading in the case of wave energy applications.

Further calculations indicated that the maximum permissible temperature of the con-
ductor, equal to 90◦C, is not exceeded for a conductor diameter greater than or equal to
2.5 mm to 2.6 mm, depending on the farm orientation and on the thermal time constant
τ considered, as shown in Table 5.15. This is much smaller than the diameter of the cable
selected initially which is equal to 8.2 mm. As found in the simplified study, both the farm
orientation and the value of the time constant τ have a limited influence on the results.
These results are summarised in Table 5.14.

The current rating corresponding to each of these diameter values is estimated from
a polynomial approximation of a curve linking the current ratings of similar cables to the
diameter of their conductors, which is presented in Figure 5.17a. This curve was created
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Figure 5.16: Temperature obtained from steady-state and dynamic calculations as a func-
tion the conductor diameter (lateral orientation)

Minimum conductor diameter (mm)
τ (min) Frontal Lateral

10 2.51 2.58
20 2.46 2.51
30 2.45 2.5

Table 5.13: Minimum conductor diameter required for different values of the thermal time
constant and for both farm orientations

(a) Diameter (b) Cross-sectional area

Figure 5.17: Typical cable current rating as a function of the conductor diameter and
cross-sectional area

from the 5th order polynomial approximation of a curve linking the current rating to the
conductor cross-section area, as shown in Figure 5.17b. In order to improve the accuracy
of the polynomial approximation, a zero ordinate was added and approximated to zero,
considering that the current level flowing through a conductor whose diameter converges
to zero would also converge to zero. The curve is based on data found in manufacturers
data sheets [102–104].

Based on the curve linking the current rating to the conductor diameter, it was found
that the minimum current rating corresponding to the results found in this study ranges
between 28.8 A and 29.7 A when the frontal orientation is used, and between 29.5 A and
30.8 A when the lateral orientation is used. Hence, the rating values range between only
15% and 17% of the maximum current flowing through the cable, equal to 175 A and to
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Minimum current rating (A)
τ (min) Frontal Lateral

10 29.7 30.8
20 28.9 29.7
30 28.8 29.5

Table 5.14: Minimum current rating required from the conductor for different values of
the thermal time constant and for both farm orientations

Frontal Lateral

Average current (A) 60.1 61.1

τ (min)
10 49% 51%
20 47% 49%
30 47% 49%

(a) Percentage of the average current

Frontal Lateral

Maximum current (A) 175 194

τ (min)
10 17% 16%
20 17% 15%
30 16% 15%

(b) Percentage of the maximum current

Table 5.15: Percentage of the minimum cable rating compared to the average and to the
maximum current flowing through the cable

194 A when the lateral and the frontal farm orientation are used respectively, as sum-
marised in Table 5.15. They also represent 47% to 51% of the average current equal to
60.1 A when the frontal orientation is used and equal to 61.1 A when the lateral orienta-
tion is. This shows that the average current level is a relevant indicator for estimating the
minimum cable rating, thus confirming the outcomes of the simplified study.

However, the results described in this section must be considered pragmatically. In
practice, the conductor diameter of the currently available medium voltage cables is usu-
ally greater than or equal to 8.2 mm, which is much greater than the diameter values
recommended in this study. However, the methodology developed as part of this work
may be applied to cables included in wave farms of greater rated power. As mentioned
previously, the selection of suitably rated cables may lead to a significant decrease in terms
of capital expenditure.

Discussion on the influence of the ambient temperature

As mentioned earlier, an ambient temperature equal to 10◦C was selected for the study.
This corresponds approximately to the temperature of the seabed which remains relatively
constant throughout the year. However, it is important to study the sensitivity of the ob-
tained results as a function of the ambient temperature, as the part of the cable which is
located close to the onshore substation is expected to be either buried in the beach ground
or exposed to the air. Hence, its minimum required rating varies as a function of the air
temperature. The impact of solar radiation on this rating, which may be significant in the
case of cables exposed to the air, is out the scope of this study.

For the sake of illustration, the temperature variations at Belmullet, Ireland are pre-
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Figure 5.18: Mean daily maximum and minimum air temperatures, and monthly mean air
temperature at Belmullet [105]

Figure 5.19: Percentage of the current rating compared to the case where the ambient
temperature is equal to 10◦C

sented in Figure 5.18. This figure presents the mean daily maximum and minimum tem-
peratures as well as the monthly mean temperature as provided by MetEireann, the Irish
meteorological office [105]. Although the temperature at this location does not usually ex-
ceed 18◦C, the sensitivity of the results was analysed for an ambient temperature ranging
between 0◦C and 40◦C for the sake of completeness. This study is based on a cable whose
time constant τ is equal to 10 minutes. The current time series corresponds to a frontal
farm orientation.

Figure 5.19 presents the results obtained in the form of a percentage compared to the
current rating obtained for the case where the ambient temperature is equal to 10◦C.
It shows that the ambient temperature has a significant influence on the current rating
which remains however relatively moderated for a temperature range from 0◦C to 20◦C as
the corresponding difference in terms of rating does not exceed 10%. Hence, the results
presented in this work provide a useful benchmark for the design of wave farms located
in regions where the ambient temperature does not exceed 20◦C. As regards the wave
farms located in regions presenting higher temperatures, although the difference in terms
of rating increases rapidly as a function of the ambient temperature, the results presented
in this study constitute an interesting starting point for further studies.
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5.3.4 Summary

This study investigated the minimum current rating required for a submarine cable from a
thermal loading perspective. Both a simplified method and a detailed method were devel-
oped from this work and their results proved to be in good agreement. It was demonstrated
that the average current is a relevant indicator for determining the minimum current rat-
ing required from a submarine cable. The results proved indeed that the cable could have
been rated downwards to approximately half (47%-51%) of the average current flowing
through it.

The wave farm orientation and the value of the thermal time constant τ were demon-
strated to have a non-negligible influence on the results, although it is considered as
relatively limited. The sensitivity of the results to the ambient temperature was also in-
vestigated. It was concluded that only a moderate difference with the results presented in
this study could be observed for an ambient temperature ranging between 0◦C and 20◦C.
In addition, although this difference is more significant for higher temperatures, the results
presented in this study constitute an interesting starting point for further studies.

The study concluded that although cables of smaller ratings could be used with respect
to the operating conditions considered in the study, the diameter of currently available
cables at this voltage level is usually greater, which may lead to an unavoidable over-
design. However, the methodology developed as part of this work is expected to be very
relevant for analysing the minimum current rating of cables included in wave farms of
greater rated power. This aspect is investigated in more detail in Chapter 6.

5.4 Power and energy losses

5.4.1 Introduction

Minimising energy losses is one of the key factors for power plant owners to maximise their
revenue. This study investigates the constituent elements of the energy losses dissipated
in a wave farm. The same wave farm model as used in Chapter 4 and in the previous
section was also used for this study.

5.4.2 Methodology

Two studies focusing on losses were performed. The first one focuses on the power losses
dissipated within the farm in order to determine the distribution of the losses over the
different pieces of equipment of the farm, while the other is intended to determine the
level of energy losses. Both studies are based on power system simulations performed for
a short-circuit ratio equal to 3 and for an impedance angle Ψk equal to 30◦. However,
additional simulations performed for different values of the short-circuit ratio and of the
impedance angle Ψk were shown to give similar results.

The power loss study was performed by means of a load flow analysis based on a farm
power output equal to 14 MW. This represents an average value of the farm maximum
power output reached with production periods A or B which ranges between 13 MW and
15 MW depending on the farm orientation and on the time delay set selected. The power
losses were calculated by subtracting the power arriving at the PCC and the consumption
of the substation load to the power generated by the farm as:

Plosses = PG − PPCC − P ′L (5.12)
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Figure 5.20: Power losses distribution over the different pieces of electrical equipment of
the farm’s electrical network

As regards the study focusing on the level of energy losses, time series corresponding to
the three production periods A, B and C were used. This study was performed by means
of simulations performed over a time period of 900 s. The energy losses are calculated by
integrating the power losses over time, as:

Elosses =

∫ 900s

0
PGdt−

∫ 900s

0
PPCCdt−

∫ 900s

0
P ′Ldt

=EG − EPCC − E′L
(5.13)

5.4.3 Power losses

The total power losses between the farm and the point of common coupling were found
to represent 9.0% of the 14 MW output by the farm, as 1.26 MW are lost within the elec-
trical network. This percentage is particularly significant and slightly greater than the
percentage of the electric power transmission and distribution losses in Ireland which is
equal to 7%, according to [106].

It was found that 84% of the active power losses is related to the submarine cables,
whereas the overhead line accounts for 14% and the transformers for the remaining 2%
of the losses, as illustrated in Figure 5.20. These results seem logical considering that
the equivalent series resistance of the transformers is much smaller than the resistance of
both the overhead line and the cables. In addition, the equivalent series resistance of the
submarine cables is greater than the resistance of the overhead line which explains their
greater contribution to the active power losses.

5.4.4 Energy losses

The results showed that the energy losses increase significantly with the sea-state energy
level, as shown in Figure 5.21 for the three different production periods A, B, and C. Losses
are negligible when production period C is used, which can be explained by the very low
current level generated during this period compared to production periods A and B. It
should also be noted that the wave farm orientation has a very strong influence on the
level of losses. More specifically, the lateral orientation constitutes the worst case as a
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Figure 5.21: Percentage of losses for three different production periods and for the two
farm orientations

Production period
A B C

Losses increase (%) 63 177 45

Table 5.16: Percentage of losses increase for the three different production periods between
the lateral and the frontal farm orientations

losses increase ranging between 45% and 177%, as shown in Table 5.16, can be observed
compared to the simulations in which the frontal orientation is used.

This can be explained by the greater current level reached regularly when the lateral
orientation is used as shown in Figures 5.22a to 5.22f where the power profile at the PCC
for each of these production periods is presented. In addition, the greater occurrence of
these higher amplitude current peaks when the lateral orientation is used is also a factor
than can increase power losses. It can be observed that the profiles of the farm power out-
put corresponding to the production period A are relatively similar in terms of amplitude
and number of occurrence of the highest power peaks for both orientations, as shown in
Figures 5.22a and 5.22b. This may explain that the losses increase is moderate in this case,
contrary to that of production period B, for which a large increase in terms of power losses
is observed (177%). In this latter case, the profile of the farm power output is relatively
different between the two orientations, as high amplitude power peaks occur much more
regularly when the lateral orientation is used than when the frontal orientation is. As for
production period C, the small amplitude of the power peaks limits the losses increase,
although the difference between the power profile corresponding to each of the two ori-
entations is significant in terms of amplitude and number of occurrence of the power peaks.

It is interesting to observe that the percentage loss seems to converge towards approx-
imately 9%, thus matching the power loss percentage found in the load flow analysis and
equal to 9.0%. This can be explained by the fact that the load flow case represents an
extreme case compared to the dynamic simulations: in the former case, losses are maximal
as the load flow is performed for a constant power output equal to the maximum power
output of the farm (14 MW). Hence, it can be concluded that the maximum percentage
of losses corresponding to a wave farm outputting a power up to 14 MW is equal to 9.0%.

As mentioned earlier in this section, energy losses represent a direct loss of revenue for
the wave farm’s owners. For the sake of illustration, Figure 5.23b shows the theoretical
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(a) Production period A, frontal orientation (b) Production period A, lateral orientation

(c) Production period B, frontal orientation (d) Production period B, lateral orientation

(e) Production period C, frontal orientation (f) Production period C, lateral orientation

Figure 5.22: Profiles of the farm power output for different production periods and farm
orientations
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(a) Frontal orientation (b) Lateral orientation

Figure 5.23: Theoretical revenue and losses

revenue generated over 900 s based on the farm’s power generation (excluding losses) and
on the expected Irish feed-in tariff for wave electricity equal to 22ce/kWh [107] as:

Theoretical revenue =

∫ 900s

0
PGdt× 0.22× 103

3600
(5.14)

and

Losses =

∫ 900s

0
Plossesdt× 0.22× 103

3600
(5.15)

The relatively high level of losses observed in this study leads to a non-negligible
revenue loss for the wave farm’s owner. Increasing the voltage level at which the farm is
operated from 10 kV to 20 kV would decrease these power losses considerably. In addition,
the 10/20 kV transformer connected at the onshore substation would no longer be needed.
A load flow simulation was performed for a farm power output PG equal to 14 MW using
a modified version of the farm’s network (presented later in the next chapter) in which the
cables are effectively operated at 20 kV. The percentage loss in this case is equal to 2.5%.
This value corresponds to what may be expected, given that the current is divided by two
in this case, which leads to power losses divided by four and thus to a theoretical per-
centage of losses equal to 9.0%/4=2.3%. Hence, this simple modification of the wave farm
design leads to a level of losses which is clearly more acceptable from a revenue perspective.

5.4.5 Summary

Energy losses were demonstrated to be significant and to represent up to 9.0% of the elec-
tricity generation under the conditions selected for the simulations. As expected, energy
is mostly lost in submarine cables. In addition, the wave farm orientation was proven to
have a strong influence on the level of losses, as the increase in terms of losses between the
lateral and the frontal orientations was found to range between 45% and 177%, the lateral
orientation representing the worst case.

It was recommended to operate the farm at 20 kV as this would lead to a significant
decrease of the power losses percentage down to 2.3%. This would also avoid the need for
a 10/20 kV transformer at the onshore substation.

It is important to note that the outcomes of both this study and of the study focusing
on the submarine cables rating are complementary. This latter study focused on deter-
mining the minimum current level, and thus the minimum conductor diameter, for which
the submarine cables should be rated. However, a smaller rating implies a reduction of

163



the conductor cross-sectional area, which increases its resistance, according to the law of
Pouillet expressed as:

R =
ρT l

Sc
(5.16)

where R is the resistance of the conductor, ρT is the material conductivity, l is the con-
ductor’s length and Sc is its cross-sectional area. Consequently, although minimising the
cable rating of the submarine cables may lead to significant savings in terms of capital
expenditure, it may also reduce significantly the revenue generated from the electricity
sale. Hence, these two criteria are recommended to be taken into account for optimising
the cable rating.

5.5 Conclusions

This chapter presented three different studies. The first study focused on the reactive
power ratings of the VAr compensator located at the point of common coupling while the
second focused on the current rating of the submarine cables. A third study investigating
the losses dissipated within the farm’s electrical network was also presented.

5.5.1 VAr compensator

The minimum ratings of the VAr compensator were found to range between 3.6 MVAr
and 9.0 MVAr (generated), and 0.1 MVAr and 0.8 MVAr (absorbed). The ratings were
demonstrated to be highly dependent on the length of both the cables and the overhead
line. As the amount of reactive power to be generated by the VAr compensator may become
very important for a sufficiently long overhead line, it was recommended to connect a wave
farm at a location where a connection point sufficiently close to the farm is available, if at
all possible.

5.5.2 Submarine cables

The second study, which focused on the minimum current rating of submarine cables,
demonstrated that these cables could actually be safely designed, from a thermal loading
perspective, for a current level approximately equal to the half of the average current
flowing through them, more precisely ranging between 47% and 51% of this value. Selecting
the cables rating based on the thermal loading approach may lead to a significant decrease
in terms of capital expenditure, compared to basing the selection process on usual, steady-
state calculations which are no longer relevant in the case of wave energy applications, due
to the fluctuating nature of the current generated by wave farms. A simplified method,
whose results were compared to the results of a more detailed study using dedicated IEC
standards, was developed and presented. The results obtained with both studies proved
to be in good agreement. They showed that the influence of the farm orientation and
of the thermal time constant τ was non-negligible, but relatively limited. Finally, the
sensitivity of the results to the ambient temperature was investigated. The results showed
that a moderate difference is observed for an ambient temperature ranging between 0◦C
and 20◦C compared to the case where the ambient temperature is equal to 10◦C, which
is the temperature selected for the study. In addition, although this difference is slightly
more important for higher temperatures, the results presented in this study constitute
however an interesting starting point in this case.
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5.5.3 Losses

The third and last study investigated the power and energy losses dissipated in the farm’s
electrical network. It showed that power losses were dissipated mainly in the submarine
cables and that the percentage loss compared to the total farm power output converges
towards 9.0%, which is particularly significant. Hence, it was recommended to increase
the voltage level at which the farm is operated from 10 kV to 20 kV to obtain a more
reasonable percentage loss equal to 2.3%.

5.5.4 Discussion

The studies presented in this chapter as well as in the previous one were based on a
typical model of wave farm intended to be used as a test site. However, although most
developers have indicated that they intend to increase the available power capacity of their
sites once the wave energy industry has reached the commercial phase, major questions
remains concerning the feasibility of this project. First, it has been demonstrated that the
impact of a medium size wave farm on the power quality may already exceed the regulatory
limits. Hence, this aspect should be investigated in order to determine whether it may
become a limiting factor to the expansion of the test site. Then, the thermal loading of
the farm’s electrical network elements may also limit the power capacity of a commercial
site. The study presented in this chapter regarding the cables current rating was thus
performed again for a wave farm of rated power up to 50 MW. The electrical network of
this commercial wave farm is operated at 20 kV according to the recommendations issued
in the third study focusing on the power losses.
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Chapter 6

Analysis of the obstacles to the
transformation of a test site into a
commercial site

6.1 Introduction

Chapter 4 investigated the issues posed by the connection of a 20 MW-rated wave farm
in terms of power quality. It was shown that flicker represented a serious problem in the
case where a wave farm is connected to sufficiently weak networks, or if the power factor
which the grid operator mandates at the PCC is not optimal.

Additional aspects regarding the relevance of the typical test site design were also
discussed in Chapter 5. More specifically, the rating of the electrical elements as well as
the energy losses within the farm’s electrical network were analysed. It was suggested
that the operating voltage of this particular farm’s electrical network is stepped up from
10 kV to 20 kV to reduce the power losses within this network as well as to minimise the
required rating for the VAr compensator. The previous chapters have investigated the
aspects mentioned above with respect to a medium-size wave farm.

However, test sites are envisaged to be transformed into commercial sites once the
wave energy industry has reached the commercial phase. Hence, it is interesting to discuss
the feasibility of this project. This transformation will mainly consist of increasing the
number of wave devices included in the farm. In addition, the device layout may also differ
greatly between a test site and a commercial site as will be discussed later in this chapter.
Two aspects are investigated: the impact on the power quality and the relevance of the
wave farm design in terms of the current ratings of both the submarine cables and of the
overhead line.

6.2 Methodology and models

6.2.1 Numerical grid model

The numerical model used for the studies presented in this chapter is shown in Figure 6.1.
It is based on the model used in the previous chapters, with the following modifications to
enable the connection of wave farm of greater rated power Prated. First, the number of wave
devices was increased up to 57, which corresponds to a rated power Prated approximately
equal to 50 MW, as shown in Table 6.1. The values of the rated power Prated will be
referred to as their rounded values in the rest of this thesis for the sake of clarity, in similar
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Rated power Prated (MW) 19.4 30.0 39.7 50.3

Number of devices 22 34 45 57

Rounded rated power Prated (MW) 20 30 40 50

Short-circuit ratio 3.6 2.4 1.8 1.4

Table 6.1: Short-circuit ratio corresponding to a short-circuit level Ssc=72 MVA

Impedance ZS at 38 kV (Ω) 5 10 15 20

Short-circuit level Ssc (MVA) 289 144 96 72

Table 6.2: Short-circuit levels Ssc considered in this study

fashion to Chapter 4. Then, the operating voltage for the submarine cables was increased
from 10 kV to 20 kV, as recommended in the previous chapter. The characteristics of
these cables in terms of impedance remained unchanged and the offshore transformers,
initially stepping the voltage up to 10 kV, were modified to step the voltage up to 20 kV.
The 10/20 kV transformer located at the substation was removed. The short-circuit levels
considered in this study range from 72 MVA (corresponding to a series reactor impedance
ZS at 38 kV equal to 20 Ω) to 289 MVA (i.e. 5 Ω), as summarised in Table 6.2. However,
the analysis of the results will focus mainly on the lowest short-circuit level of 72 MVA as
a worst case scenario. This corresponds to a short-circuit ratio ranging between 3.6 to 1.4
for a wave farm with a rated power Prated ranging between 20 MW to 50 MW, as shown
in Table 6.1.
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Figure 6.1: Numerical grid model used for the studies presented in this chapter
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Figure 6.2: Illustration of the device layout of a single array for an increasing rated power
Prated. Each circle corresponds to the position of a generator within an array.

6.2.2 Device aggregation

Introduction

The device layout in the case of a test site is intended to enable the performance monitor-
ing of each device under the best sea conditions. It is important to bear in mind that the
performance assessment is more and more taken into account by funding agencies such as
the Scottish Investment Bank [108] or the Saltire Prize [109]. Hence, each wave device
or device array is expected to be located sufficiently far from the other devices belonging
to the farm in order to limit mutual interferences. In addition, in order to benefit from
the best sea conditions, no device should be positioned directly behind another device as
it may reduce the amplitude of its incoming waves significantly. Consequently, it is very
likely that the devices will be structured into linear arrays in the case of a test site. This
corresponds to the lateral farm orientation described in Chapter 4 which is considered as
a worst case in terms of power quality.

However, the device layout must be structured differently in the case of a commercial
wave farm. The larger number of wave devices included in the farm implies that they
will most likely be located sufficiently close to each other in order to minimise the cable
length [95]. Hence, a linear array should no longer be envisaged in this case. On the
contrary, more compact geometrical shapes, such as a square or a rectangle, seem more
suitable. This modification in terms of device layout is also expected to reduce the impact
of a wave farm on power quality by facilitating the generation of a smoother farm power
output.

Device layout

The farm is modelled as four rectangular arrays similar to the sample shown in Figure 6.2.
An increasing rated power Prated is simulated by adding a defined number of wave devices
to each array whose position in the array is defined as well. Figure 6.2 shows the number
of devices included in the array, as well as their position within the array, as a function
of the rated power Prated. The studies were performed for four values of the rated power
Prated, namely 20 MW, 30 MW, 40 MW and 50 MW for which the corresponding number
of devices is indicated in Table 6.1.

The time delays are defined as described in the following section and according to the
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wave direction indicated in Figure 6.2. Given the symmetrical shape of the farm, similar
results are obtained whether the wave direction indicated in this figure or a direction
perpendicular to this one is used. Hence, only the results corresponding to the former
wave direction are presented.

Time delays

The time delays are defined based on the method detailed in Chapter 4. However, this
method implied that all devices in the array may be spaced at maximum 1000 m apart.
Although this is reasonable with respect to a small size array consisting of up to 6 wave
devices, as is the case in the work presented in Chapter 4, this is no longer applicable in the
case of an array consisting of up to 15 devices. Hence, a modified method was developed.

As described in Chapter 4, the time delay ∆Ttotal applied to the power profile of a wave
device depends on the energy period Te of the sea-state corresponding to the production
period under consideration, and on the distance Dtotal between a wave device and the
reference device. In this chapter, this distance Dtotal is the sum of four different terms and
can be expressed as:

Dtotal = Drow[(nrow − 1)(1− arow) + apos + aarr] +Dc (6.1)

The term Drow corresponds to the distance between each of the rows numbered from
nrow = 1 to nrow = 5 in Figure 6.2 and which was chosen equal to 1000 m for the same
considerations as discussed in Chapter 4. The factor arow is a percentage ranging between
0% and 60% which was generated by using the function “rand” in Matlab as described
in Chapter 3. The value of the percentage arow is the same for wave devices belonging to
the same row and is meant to capture the uncertainty associated with the position of each
device.

The factor apos is also a randomly-generated percentage ranging between 0% and 10%.
This term introduces a certain level of randomness with respect to the position of each
individual device, as it is different for each. The last randomly-generated percentage aarr
is meant to prevent two generators belonging to two different arrays to output the same
power profile in the case where they have the same parameters Drow, arow and apos. In
practice, this parameter is applied to one of the array located at 6.5 km from the shore
and to one of the array located at 16 km from the shore. This percentage is equal for all
the generators belonging to the same array.

The last term Dc corresponds to the distance of 10 km which separates the arrays
located 6.5 km and 16 km from the shore. However, as described in Chapter 4, the duration
of the experimental time series is not sufficiently long to use a time delay corresponding
to 10 km. Hence, this distance Dc was arbitrarily chosen such as Dc=Drow=1000 m. This
eliminates the possibility of two wave devices located 10 km apart outputting the same
power profile in the case where they present the same values for the factors arow, apos and
aarr. Finally, the time delay ∆Ttotal is determined as:

∆Ttotal =
Dtotal

vg
=

4πDtotal

gTe
(6.2)

The resulting farm power profiles for a rated power Prated equal to 50 MW are shown in
Figure 6.3. As it can be observed from this figure, the device layout contributes in reducing
the amplitude of the power peaks, as the maximum power does not exceeds 19.4 MW in
this case. The maximum power reached in the case of other values of the rated power
Prated and for other production periods is shown in Figure 6.4.
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Figure 6.3: Profiles of the farm power output for four production periods A, B and D and
for a rated power Prated=50 MW

Figure 6.4: Maximum power as a function of the rated power Prated for the three production
periods A, B, and D

6.2.3 Power factor control

As the studies presented in the previous chapters indicated, the selection of a suitable
power factor reference for the VAr compensator connected at the PCC may reduce the
amplitude of the voltage fluctuations at this node dramatically. This helps also in reducing
the flicker level. Simulations were performed for four values of the power factor reference,
namely 0.92, 0.95, 0.97 lagging and unity. The results are detailed in Section 6.3.

6.2.4 Storage

Storage means may need to be included either in the wave device design or in the wave
farm for smoothing their power fluctuations. Storage is modelled in this study by a first
order filter of time constant τs whose transfer function Fs can be expressed as:

Fs(s) =
1

1 + sτs
(6.3)

The time constant τs of the filter facilitates the modelling of the storage means in a
generic manner [46]. The minimum value of τf for which the farm is compliant with the
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Figure 6.5: Numerical model used for the study focusing on storage

flicker requirement was compared to typical time constants provided in this document in
order to determine the type of storage means required.

The generic storage means is implemented in the static generator connected at the
onshore substation, as shown in Figure 6.5, and which represents the rest of the farm.
This generator is controlled to output the reactive power profile corresponding to the
reactive power flowing through the substation bus. Its active power profile corresponds to
the active power flowing through the bus substation filtered by the generic storage means
of transfer function Fs.

6.2.5 Generator control strategies

The two previous chapters used time series generated when the OWC prototype was op-
erated in fixed speed mode, which constitutes a worst case scenario from a power quality
perspective. However, variable speed operation has already demonstrated to be a very
efficient way to reduce rapid power fluctuations in the case of wind turbines [25]. This
beneficial aspect was also observed in the case of a single onshore OWC [45]. Although
this type of operation requires the use of relatively costly power electronic converters, re-
quirements such as the fault ride-through and the frequency response requirement will in
any case require these power electronic converter systems in the device design. Hence, it
is expected that variable speed operation will become the norm for wave devices having
reached the commercial stage.

A study was conducted to compare the effect on several power quality criteria, namely
the maximum and minimum voltages as well as the flicker level, of operating the wave de-
vices in a variable speed mode. A production period during which the OWC prototype was
operated in variable speed mode and in sea-state conditions similar to those corresponding
to production periods A and B was selected. The characteristics of this production period,
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Period
label

Significant wave
height Hs (m)

Energy period Te (s)
Fixed/variable

speed mode

A 5.0 10.9 fixed
B 2.1 7.3 fixed
D 4.5 8.8 variable

Table 6.3: Characteristics of the different production periods used for the power system
simulations

Figure 6.6: Individual power profile corresponding to production period D

referred to as production period D in the rest of this document, is shown in Table 6.3. The
individual power profile corresponding to production period D is shown in Figure 6.6. The
two most energetic production periods A and B used in the previous studies, in which
the generator is operated in fixed speed mode, are taken as benchmarks for the results
obtained with production period D.

In order to provide a sanity test for the results presented in this study, a virtual produc-
tion period was created to represent the equivalent power profile of a generator operated
in variable speed mode under the sea conditions encountered in production period A. The
action of the inertial storage provided by the generator and the air turbine included in the
OWC drive train was simulated by filtering the individual power profile of a wave device
of production A by a first order filter whose transfer function Ff (s) can be expressed as:

Ff (s) =
1

1 + sτf
(6.4)

where τf is the time constant of the filter which is equal to 1.7 s. This corresponds
to the inertia of the air turbine [46]. The original (i.e. non-filtered) power profile as well
as the resulting individual power profile is shown in Figure 6.7. The filtered power profile
will be referred to as production period A′.

6.3 Grid compliance

Considering that production period A presents the farm maximum power as shown in
Figure 6.4, the compliance of the wave farm with respect to the voltage limits requirements
was investigated for this production period only. However, the flicker level corresponding
to all the production periods is analysed.
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Figure 6.7: Original and filtered power profile of production period A

6.3.1 Voltage limits

Power factor control

Power system simulations were performed for four values of the reference power factor at
the PCC, namely: 0.92, 0.95 and 0.97 (all lagging) and unity. The results presented in
this section correspond to the lowest short-circuit level Ssc considered in this work and
equal to 72 MVA. Hence, for each rated power Prated and impedance angle Ψk, there are
four maximum and four minimum voltages corresponding to the four power factor refer-
ences. Among these four values, the one closest to unity is retained for the study, as it
corresponds to the application of an optimal power factor reference at the PCC.

Figures 6.8a and 6.8b presents the maximum and minimum voltage obtained through
this selection. It can be observed that, even when the maximum voltage is minimised
by the application of an optimal power factor, it may still exceed (or be very close to)
the most stringent limit equal to 1.05 pu in the case where the farm is connected to an
impedance angle up to 50◦. The most permissive limit, which is equal to 1.12 pu, may also
be exceeded for a 50 MW-rated farm connected to a connection point whose impedance
angle Ψk is equal to 30◦.

As for the minimum voltage, Figure 6.8b shows that the voltage is less than the most
stringent limit, which is equal to 0.94 pu, for a 50 MW-rated farm only, and is equal to
the most permissive limit equal to 0.90 MW.

Hence, if a wave farm of significant rated power is connected at distribution level,
power factor control may not always be sufficient for rendering this farm compliant with
the voltage limits requirement.

Storage

Storage is an efficient means for reducing the amplitude of the voltage fluctuations at the
PCC, as shown in Figure 6.9. This figure shows the voltage profile corresponding to differ-
ent values of the storage means’ time constant τs. However, in the case where the average
voltage exceeds the upper limit or is less than the lower limit, then power factor control
becomes necessary to decrease it. Figure 6.10 shows for instance the average voltage as
a function of the farm rated power Prated for different impedance angles Ψk for a power
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(a) Maximum voltage

(b) Minimum voltage

Figure 6.8: Maximum and minimum voltages obtained for an optimal power factor

factor equal to unity. The red-shadowed area corresponds to the cases where the average
voltage is greater than the most stringent limit, which is equal to 1.05 pu. In these cases,
using storage means only cannot help rendering the wave farm compliant with the voltage
limits requirement.

Based on the results presented in the previous section which showed that the voltage
limits may be exceeded even with an optimal power factor, it may be concluded that ex-
ceeding the voltage limits (or generating a voltage less than the lower limit) may represent
a serious issue if a sufficiently high-rated wave farm is connected to nodes whose impedance
angle Ψk is relatively low. However, the usually low power transfer capacity available at
this type of nodes is expected to represent the limiting factor for the increase of the farm
rated power Prated rather than power quality issues.

Variable speed mode

In similar fashion to the results obtained with the collective storage means, the results
obtained when the generators are operated in variable speed mode confirm that, although
storage is a very efficient means for reducing the voltage fluctuations, it is useless if the av-
erage voltage exceeds or is less than the limits allowed by the grid operator. Figures 6.11a
and 6.11b show the maximum and minimum voltages obtained for production period D
in which the generator is operated in variable speed mode, while Figures 6.12a and 6.12b
show the maximum and minimum voltages obtained for production period A in which the
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Figure 6.9: Voltage profile at the PCC for a number of values for the storage time
constant τs

Figure 6.10: Average voltage as a function of the rated power Prated for different impedance
angles Ψk (pf=1)

generator is operated in fixed speed mode. As both these production periods were recorded
during sea-states having similar characteristics, the results corresponding to each of these
periods can be reasonably compared. It appears clearly that in both cases, the most strin-
gent as well as the most permissive limits may be exceeded if the wave farm rated power
is sufficiently great. However, the beneficial effect of the variable speed operating mode
is significant as the voltage deviation are slightly less excessive in the case of production
period D than they are in production period A.

6.3.2 Flicker

Power factor control

Power factor control is an efficient means for reducing the flicker level Pst below the most
stringent limit equal to 0.35 in most cases, as shown in Figure 6.13. This figure presents
the minimum flicker level generated by a 50 MW-rated wave farm for the four power factor
references considered in this study which are equal to 0.92, 0.95 and 0.97 lagging as well
as unity, and for the lowest short-circuit ratio considered in this study which is equal to 1.4.

The results show that power factor control is an efficient means for maintaining flicker
level below the most stringent limit, with the exception of connection points with a
impedance angle as low as 30◦ and with a low short-circuit level Ssc. However, as mentioned

176



(a) Maximum voltage

(b) Minimum voltage

Figure 6.11: Maximum and minimum voltages of production period D (variable speed)
operated at unity power factor

earlier, this type of connection points is not expected to be envisaged for the connection
of a wave farm, given the usually low power transfer capacity available at these nodes.

Storage

Storage is an efficient means for reducing the flicker level, as shown in Figure 6.14 which
presents the flicker level generated by a 50 MW-rated wave farm at a relatively weak
connection point whose short-circuit ratio is equal to 1.4 as a function of the impedance
angle Ψk. In the case where the flicker level exceeds the most stringent limit equal to
0.35, it appears that a storage means of time constant τs equal to 1 second is sufficient to
reduce the flicker level below this limit. This relatively low value corresponds to the time
constant of a small size hydraulic accumulator [46].

Variable speed mode

Figure 6.15 shows the flicker level Pst as a function of the impedance angle Ψk for all the
four production periods considered in this work. It can be observed that the flicker level
generated by production period A′ is very close to this generated by production period D.
This proves that the method adopted for modelling energy storage is relevant and provides
accurate results. In addition, assuming that these results are approximately equivalent to
these corresponding to the use of a collective storage means of time constant τs=1.7 s,
they show good agreement with the results presented in Figure 6.14. It must be noted as
well that using the variable speed mode decreases the flicker level much below the most
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(a) Maximum voltage

(b) Minimum voltage

Figure 6.12: Maximum and minimum voltages of production period A (fixed speed) oper-
ated at unity power factor

stringent limit equal to 0.35. Hence, the variable speed mode seems to be a sufficient
mitigation means for the connection of a 50 MW-rated wave farm.

6.3.3 Summary

The study presented in this section investigated the compliance of a wave farm rated
up to 50 MW with the voltage limits and flicker level requirements. The wave farm was
demonstrated to be compliant with the voltage limits requirement in almost all the cases
considered, provided that a suitable power factor is applied at the PCC and that a storage
means with a sufficient time constant τs is used, if necessary. In addition, the usually low
power transfer capacity available at the nodes for which the farm may not be compliant
constitutes the main obstacle to the connection of a wave farm at these nodes. Hence,
conventional voltage control means, such as power factor control and the use of storage,
proved to be sufficient for rendering a wave farm compliant.

It was also demonstrated that a minimal amount of storage was sufficient for reducing
the flicker level below the most stringent limit equal to 0.35. This is in good agreement with
the findings of [39]. Storage may be included as part of the individual wave device design,
for instance by enabling the variable speed operation of the generator, or implemented
as a collective means smoothing the farm power output. In both cases, a storage means
whose time constant τs is approximately equal to one second is sufficient for reducing the
flicker level below the most stringent limit. This value corresponds to the time constant
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Figure 6.13: Minimum flicker level Pst obtained for the optimum power factor as a function
of the impedance angle Ψk for a 50 MW-rated wave farm with a short-circuit ratio equal
to 1.4

Figure 6.14: Flicker level Pst as a function of the impedance angle Ψk for a 50 MW-rated
wave farm with a short-circuit ratio equal to 1.4 (production period A)

Figure 6.15: Flicker level Pst as a function of the impedance angle Ψk for all the four
production periods considered in this work
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Rated power Prated (MW) 20 30 40 50

Average current (A) 32 50 67 81
Standard deviation (A) 17 23 26 27
Rating (A) 7 12 21 30
Rating/Average (%) 22 25 32 37

(a) 20 kV

Rated power Prated (MW) 20 30 40 50

Average current (A) 65 99 133 163
Standard deviation (A) 33 46 52 55
Rating (A) 23 47 77 112
Rating/Average (%) 35 48 58 69

(b) 10 kV

Table 6.4: Results with respect to the original current profiles at 20 kV (top) and to the
equivalent current profiles at 10 kV (bottom)

of a small hydraulic accumulator for instance. The power factor control at the PCC was
also proven to be an efficient means for reducing flicker. However, it may not be always
sufficient. In conclusion, power factor control, and also storage if necessary, are efficient
means for rendering a 50 MW wave farm compliant with both the voltage limits and the
flicker level requirements.

6.4 Current ratings of the cables and of the overhead line

6.4.1 Submarine cables

The same study as presented in Chapter 5, initially conducted for an approximately
20 MW-rated farm developed for testing purposes, was also performed based on the simu-
lations obtained for a wave farm whose rated power Prated ranges between approximately
20 MW and 50 MW.

It is important to bear in mind that in the model used in this chapter, the submarine
cables are operated at 20 kV, contrary to the study presented in Chapter 5 in which
they were operated at 10 kV. Hence, this renders the comparison between the results
obtained in this study and those obtained from the study presented in Chapter 5 not
straightforward. In order to facilitate this comparison, equivalent current profiles Ieq(t)
were created by multiplying the current profiles I(t) obtained from the present study by
two as this corresponds to current profiles generated by a wave farm rated between 20 MW
and 50 MW in the case where the submarine cables were operated at 10 kV. This can be
summarised as:

Ieq(t) =
20

10
I(t) = 2I(t) (6.5)

The rating study was performed for both the original current profiles I(t) at 20 kV
and the equivalent current profiles Ieq(t). The results of the study are summarised in
Tables 6.4a and 6.4b. Table 6.4a shows the minimum current ratings required for each of
the considered farm rated power Prated, and the percentage of the average current they
represent. Table 6.4b shows the results with respect to the equivalent current profiles at
10 kV while Table 6.5 recalls the results obtained from the study presented in Chapter 5.
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Rated power Prated (MW) 20

Average current (A) 60
Standard deviation (A) 47
Rating (A) 30
Rating/Average (%) 49

Table 6.5: Summary of the results obtained from the previous study presented in Chapter 5

Figure 6.16: Average of the square of the current I2(t) as a function of the current rating
Irating

As expected, the ratio of the current rating Irating to the average current Iavg is almost
doubled between the original results (obtained for submarine cables operated at 20 kV)
and the results corresponding to the 10 kV case. This can be explained by the fact that,
by doubling the value of the current I(t), the average current Iavg is also doubled. On the
contrary, the current rating Irating is determined based on the cable temperature, which
is calculated from the square of the current I(t). Hence, it is expected that it increases
as a function of the square of the current I2(t), which is confirmed in Figure 6.16. This
figure shows that the current rating Irating is approximately proportional to the average
of the square of the current I(t). Hence, it can be assumed that doubling the current I(t)
leads to multiplying the current rating by approximately four. Consequently, the ratio of
the current rating Irating to the average current Iavg is expected to be almost doubled be-
tween the original current profiles and the corresponding current profiles at 10 kV, which
is confirmed by the results.

The results concerning the original current profiles presented in Table 6.4a show that
this ratio ranges between 22% and 37% for a farm rated between 20 MW and 50 MW. This
corresponds to 8% to 17% only of the maximum current Imax flowing through the cable
as summarised in Table 6.6. These results confirm that the average current is a relevant
criterion for the estimation of a suitable rating for the submarine cables from a thermal
loading perspective.

It is also interesting to compare the results obtained for the cases where the subma-
rine cables are operated at 10 kV, both for the present study and the study detailed in
Chapter 5. It can be noted that sensibly similar values in terms of average current are
observed for a 20 MW-rated wave farm. The average current is equal to 65 A in the first
case while it is equal to 60 A in the latter. However, the standard deviation is relatively
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Rated power Prated (MW) 20 30 40 50

Rating/Maximum (%) 8 10 14 17

Table 6.6: Ratio of the current rating Irating to the maximum current Imax

Rated power Prated (MW) 20 30 40 50

Rating/Maximum (%) 12 24 39 56

Table 6.7: Ratio of the current rating Irating to the initial current rating (199 A)

different, being much greater in the previous study where it is equal to 47 A while it is
equal to 33 A only in the present study. This is explained by the fact that current peaks
of greater amplitude are observed in the previous study than in the present study due to
the device layout. This is illustrated in Figures 6.17a and 6.17b which show the equivalent
current profile at 10 kV obtained from the present study and the current profile obtained
from the previous study respectively. This means that temperature fluctuations of greater
amplitude are generated in the case of the previous study, which corresponds to the need
for a greater current rating Irating. Hence, these results show that a suitable device layout
facilitates the reduction of the cables’ minimum current rating as it decreases the ampli-
tude of the current peaks.

The minimum ratings determined in this study represent between 12% to 56% of
the initial current rating of the cables, which is equal to 199 A, as shown in Table 6.7.
Consequently, the thermal loading of the cables is not expected to constitute a limiting
factor to the increase of the farm rated power Prated.

6.4.2 Overhead line

In the case of a overhead line directly exposed to the solar radiation, further calculations
are necessary to determine the cables’ temperature rise ∆θ above ambient temperature.
However, as these detailed calculations could not be performed due to time constraints,
the order of magnitude of the minimum current rating for the overhead line was estimated
based on the average current flowing through it. This last parameter was studied and
compared to the rating of the line Irating equal to 672 A. This rating was selected from
manufacturers data sheets based on the condition that Irating ≥ 577 A as it corresponds
to the theoretical maximum current which may flow through the overhead line, as detailed
below:

Irating ≥
Pmax√

3V
=

20.106

√
3 20.103

≥577 A

(6.6)

Table 6.8 shows the average current flowing through the overhead line as a function
of the farm rated power Prated, as well as the percentage its represents with respect to
its initial current rating Irating. This percentage does not exceed 51% for a rated power
Prated as high as 50 MW. Hence, the overhead line is not expected to be excessively loaded
thermally speaking, so this should not constitute a limiting factor for the increase of the
farm rated power Prated.

6.4.3 Summary

This section investigated the minimum ratings required from the submarine cables as well
as from the overhead line for avoiding their thermal overloading. The value of the ratio of
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(a) Present study

(b) Previous study

Figure 6.17: Current profiles in a submarine cable corresponding to the case where the
cables are operated at 10 kV for the present study (top) and for the previous study (bot-
tom)

Rated power Prated (MW) 20 30 40 50

Average current (A) 142 215 271 345
Average/Rating (%) 21 32 40 51

Table 6.8: Minimum current rating for the overhead line as a function of the farm rated
power Prated

the current rating Irating to the average current Iavg was shown to decrease significantly
between the present study and the study presented in Chapter 5. The increase of the
operating voltage from 10 kV to 20 kV partly explains this decrease. This decrease is also
due to the smoother current profile generated by an array laid out rectangularly with a
larger number of devices, as it is the case for a commercial test site, than by a linear array
corresponding to a test site as presented in Chapter 5. The minimum rating required for
the submarine cables was shown not to exceed 37% of the average current flowing through
them.

The average current flowing through a submarine cable was demonstrated to be a
relevant criterion for the estimation of its minimum current rating, thus confirming the
findings of Chapter 5. Based on this observation, a simplified analysis was conducted
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regarding the thermal loading of the overhead line. It was shown that the average current
flowing through it does not exceed 51% of its initial current rating. In conclusion, the
thermal overloading of both the submarine cables and of the overhead line is not expected
to constitute a limiting factor to the increase of the farm rated power Prated.

6.5 Conclusions

This chapter investigated the compliance of a wave farm with respect to typical voltage
limits and flicker level requirements. A 50 MW-rated farm was demonstrated not to pose
any power quality issue with respect to these two criteria, provided that a suitable power
factor is applied at the PCC and that storage (either in the form of a dedicated storage
means or in the form of variable speed operation) is used in a complementary manner.

The minimum current ratings required from the submarine cables as well as from the
overhead line were also investigated from a thermal loading perspective, based on the
method developed in Chapter 5. The average current Iavg was confirmed to constitute
a relevant criterion for the estimation of the minimum current rating for the submarine
cables, as the ratio of the current rating Irating to the average current Iavg ranges between
22% and 37%. This represents only 12% to 56% of the initial current rating of the cables,
which is equal to 199 A. In similar fashion, the average current flowing through the over-
head line was shown not to exceed 51% of its initial rating equal to 672 A. Hence, neither
the submarine cables nor the overhead line should be over-loaded if the rated power Prated
of the farm increases up to 50 MW.

In conclusion, neither the power quality nor the thermal over-loading of the submarine
cables and of the overhead line is expected to constitute an obstacle to the transformation
of a test site into a commercial site. This means that a site designed for testing purposes
does not necessarily require modifications and/or reinforcements of the farm’s electrical
network to be transformed into a commercial site of up to 50 MW. However, this does not
take into account of course any power flow or stability constraints related to the wider
network.

It is also important to note that the results indicated that voltage remains well within
the limits and that flicker remains also well below its limit for this rated power. In ad-
dition, the current ratings of the submarine cables and of the overhead line is also well
below their initial current rating. Hence, this means that a significantly greater rated
power Prated could possibly be envisaged for sufficiently strong networks.

The study presented in this chapter has required the generation of a considerable
amount of data concerning the flicker level as generated by a wave farm of an increasing
rated power Prated, and connected to nodes in the grid having different short-circuit levels
Ssc and impedance angles Ψk. These results were analysed in order to determine a method
for estimating the flicker level Pst as a function of the farm rated power Prated and of the
impedance angle Ψk of the node to which it is connected. This work is presented in the
next chapter.
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Chapter 7

Estimation of the flicker level Pst
in relation to the farm rated
power Prated and to the impedance
angle Ψk at the connection point

7.1 Introduction

Given that a wind farm is a fluctuating power source in similar fashion to a wave farm,
the flicker summation law defined with respect this former type of power plants was in-
vestigated in order to determine whether it is applicable to wave farms. In addition, as no
flicker estimation method in relation to the impedance angle Ψk of the connection point
had yet been defined, a method was developed in this thesis and is presented here.

7.1.1 Estimation of the flicker level Pst in relation to the impedance
angle Ψk

According to the IEC standard 61400-21, the flicker level Pst of a wind turbine of apparent
power Sn,i can be expressed by means of a flicker coefficient c(Ψk, va) independent of the
short-circuit level SSC of the node to which it is connected as:

Psti = ci(Ψk, va)
Sn,i
SSC

(7.1)

The term va corresponds to the average wind speed at hub-height at a given site.
However, although using the flicker coefficient c(Ψk) facilitates the calculation of the flicker
level Pst as generated at any short-circuit level SSC , no relationship has been defined as
yet regarding the estimation of the flicker level in relation to the impedance angle Ψk.
However, this last variable has a strong influence on the resulting flicker level Pst, as it
was shown in the case studies presented in Chapters 4 and 5. Hence, defining an estimation
method in relation to the impedance angle Ψk is necessary to determine the flicker level Pst
which could be generated when a wave farm is connected to different connection points.
This topic is investigated and the results are presented in this chapter.

7.1.2 Estimation of the flicker level Pst in relation to the farm rated
power Prated

A flicker summation law, supposedly applicable to any grid-connected installations, is
defined in the IEC standard 61000-3-7 as:
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PstN = α

√√√√ N∑
i=1

Pstαi (7.2)

where PstN is the flicker generated by N installations with an individual flicker level Psti.
The value of the exponent α depends on “the characteristics of the main source of fluctu-
ation”. Depending on the probability that the voltage fluctuations occur simultaneously,
the IEC standard 61000-3-7 recommends to use values ranging between α=1 (correspond-
ing to a high level of probability) and α=4 (corresponding to a low level of probability).

In the case of wind farms, the IEC standard 61400-21 recommends using of a value
of α equal to 2. Using the flicker coefficient c(Ψk) described in Section 7.1.1, the flicker
summation law can be rewritten as:

PstN =
1

SSC

√√√√ N∑
i=1

(ci(Ψk, va)Sn,i)2 (7.3)

Although this method has proven to provide accurate results in the case of a wind
farm consisting of two turbines [110], no reference was found regarding the validation of
this summation law in the case of a wind farm consisting of a greater number of turbines.
This summation law means implicitly that the flicker generated by several wind turbines
of similar characteristics increases monotonically with the number N of wind turbines as:

PstN = Psti
√
N (7.4)

This means that the voltage fluctuations generated by each wind turbine add according
to the square root of N . Although this is expected to occur in the case of wave farms as
well, it is also expected that the power fluctuations generated by each wave device tend
to compensate themselves and lead to a smoother power profile [59]. For instance, N
generators may output a power peak simultaneously, which may result in a power peak of
significant amplitude. Obviously, the higher this number N is, the higher the probability
becomes that a fraction of the generators composing a wave farm output a power peak
simultaneously. However, the amplitude of the voltage fluctuations may also decrease as a
function of the wave farm rated power, as the power fluctuations generated by each wave
device tend to compensate with these generated by the other devices. This latter aspect
is not taken into account in the flicker summation law as described in the IEC standards
61000-3-7 and 61400-21.

The inapplicability of the flicker summation law defined in these standards is well
illustrated by Figure 7.1 which shows the flicker level Pst at a connection point of short-
circuit level SSC=72.2 MVA and for a range of impedance angles Ψk. It appears clearly
from this figure that there is no direct relation of proportionality between the flicker level
generated by a 5 MW farm and farms of greater rated power multiples of 5. Hence,
investigations were conducted to determine an estimation method in relation to the farm
rated power Prated.

7.2 Input data

The input data to the study presented in this chapter was generated as part of the case
study presented in the previous chapter. In addition to the three production periods A, B
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Figure 7.1: Flicker level Pst for a weak grid (SSC=72 MVA) as a function of the impedance
angle Ψk and for several values of the farm rated power Prated (production period A)

Production
period

Significant wave
height Hs (m)

Mean zero-crossing
period Tz (s)

Generator speed
control mode

A 5.0 8.4 fixed
B 2.1 5.6 fixed
D 4.5 6.8 variable
E 4.5 7.8 variable

Table 7.1: Characteristics of the different production periods used for the power system
simulations

and D already described in the previous chapter, an additional production period, referred
to as production period E, is included in the study detailed in this chapter. The sea-
state characteristics as well as the generator speed control mode corresponding to these
production periods are shown in Table 7.1. In production periods A and B, the generator
is operated in fixed speed mode, which constitutes a worst case scenario from a power
quality perspective, while in the production periods D and E, the generator is operated in
variable speed mode. In this latter case, storage is available in the form of inertial storage,
which leads to a smoother power profile, and thus to a lower flicker level.

7.3 Functional blocks composing a flickermeter

The principle of a flickermeter as defined by the IEC was detailed in Chapter 4. This tool
consists of five blocks whose actions on their input signal are recalled below:

− Block 2: squaring multiplier

− Block 3: three combined filters. The first two filters remove the terms whose fre-
quency is less than 0.05 Hz as well as the terms whose frequency is greater than
35 Hz. The third filter applies a gain to the different mono-frequency oscillating
terms composing its input signal and which depends on their frequency, as shown in
Figure 7.2.

− Block 4: squaring multiplier and first order low-pass filter of gain K′
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Figure 7.2: Gain applied by the third filter in Block 3 as a function of the frequency of
the input fluctuation

− Block 5: a classifier used to generate a cumulative probability function (CPF) of
the instantaneous flicker level. The flicker level Pst is then calculated based on a
weighted average of defined percentiles of this cumulative probability function.

7.4 Theoretical analysis

7.4.1 Introduction

As will be detailed later in Sections 7.4.4 and 7.4.5, the estimation method is based on
the variations of the average voltage Vavg and of the maximum voltage difference ∆V =
Vmax − Vmin of the voltage profile at the point of common coupling as a function of the
impedance angle Ψk and of the rated power Prated. The estimation method in relation to
the impedance angle Ψk is described in the following section.

7.4.2 Estimation of flicker level Pst with respect to different impedance
angles Ψk

For a given farm power profile, the influence of the impedance angle Ψk corresponds to
either a decrease or an increase of the amplitude of the voltage fluctuations as well as to
a variation of the average voltage Vavg. This is illustrated in Figure 7.3 which shows the
voltage profile at the point of common coupling for three values of the impedance angle
Ψk, namely 30◦, 50◦ and 70◦. However, the “shape” of the voltage profile remains the same.

It was assumed that the average voltage Vavg and the maximum voltage fluctuation
∆V corresponding to any impedance angle Ψk may be estimated based on their respective
values at a reference impedance angle Ψkref as:

Vavg(Prated,Ψk) = k(Prated,Ψk)Vavg(Prated,Ψkref )

and ∆V (Prated,Ψk) = k′(Prated,Ψk)∆V (Prated,Ψkref ) (7.5)

where k and k′ are scale factors which depends on both the rated power Prated and on the
impedance angle Ψk. For the sake of legibility, this dependence will not be mentioned in
the rest of this section and thus the previous equations can be rewritten as:
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Figure 7.3: Voltage profile at the PCC for a 50 MW farm for different impedance angles Ψk

Vavg(Ψk) = kVavg(Ψkref )

and ∆V (Ψk) = k′∆V (Ψkref ) (7.6)

The estimation method in relation to the impedance angle Ψk proposed in this work
presents a limitation. It assumes that the voltage profile corresponding to any impedance
angle Ψk can be obtained from the product of the characteristics of a reference voltage
profile (i.e. average voltage Vavg and maximum voltage fluctuation ∆V ) times defined
scale factors. This implies that the “shape” of the voltage profile is independent of the
impedance angle Ψk. However, this is only an approximation. On one hand, the voltage
fluctuation is proportional to the farm active power PG when the PGRS >> QGXS , which
is valid only when the active power PG is sufficiently low. On the other hand, when the
active power PG is sufficiently high, the reactive power QG (which is proportional to the
square of PG) can no longer be neglected. The effect on the voltage of the active power
PG and of the reactive power QG being opposed, this means that, for a given voltage
profile, the amplitude of the highest voltage peaks are more reduced as a function of the
impedance angle Ψk than peaks of smaller amplitude. Hence, the voltage profile is more
and more smoothened as this variable increases. This is illustrated in Figure 7.4 which
shows two voltage profiles corresponding to two different impedance angles equal to 30◦

and 70◦ respectively. The ratio of the voltage at 70◦ to the voltage at 30◦ at two different
instants t is shown in this figure. As expected, these voltage ratios at two different instants,
which correspond to two different values of the active power PG generated by the farm, are
not equal. This ratio is lower (equal to 0.21) when the voltage is higher, which corresponds
to a higher power level. This confirms that the voltage fluctuations corresponding to a
higher power level are more reduced as the impedance angle Ψk increases than the voltage
fluctuations corresponding to a lower power level. The voltage profile is thus smoother
with respect to the case where the impedance angle is equal to 70◦ than in the case where
the impedance angle is equal to 30◦.

7.4.3 Estimation of the flicker level Pst in relation to the farm rated
power Prated

The same method can be used to estimate the flicker level Pst in relation to the farm
rated power Prated. Hence, (7.5) can be expressed in this case as:

189



Figure 7.4: Voltage profile for impedance angles equal to 30◦ and 70◦

Vavg(Prated,Ψk) = k(Prated,Ψk)Vavg(Pref ,Ψk)

and ∆V (Prated,Ψk) = k′(Prated,Ψk)∆V (Pref ,Ψk) (7.7)

However, for the sake of legibility, it will be rewritten as:

Vavg(Prated) = kVavg(Pref )

and ∆V (Prated) = k′∆V (Pref ) (7.8)

The influence of an increasing rated power Prated, as represented by scale factors ap-
plied to the average voltage Vavg and to the maximum voltage fluctuation ∆V , corresponds
to a worst case scenario from a flicker generation perspective. This implies that the voltage
fluctuations generated by a single wave device (or a single group of wave device) are all
in phase with the voltage fluctuations generated by additional wave devices (or group of
wave devices) included within the farm. In that case, the power smoothing effect of the
aggregation of several wave devices (or group of wave devices) is not represented.

However, in reality, the wave conditions to which wave devices included in a sufficiently
large wave farm are subject at an instant t may vary greatly from one device to another.
Hence, all the wave devices of a farm do not output power peaks simultaneously. However,
it is likely that coincident fluctuations may occur. In the case of wind farms, this level of
probability is taken into account in the flicker summation law by multiplying the individual
flicker Psti times the square root of the number N of wind turbines rather than the number
N itself, as shown in (7.4). Based on these observations, it could be expected that using
the square root of the scale factor k′ corresponding to the maximum voltage fluctuation
∆V would provide a more accurate estimation of the flicker level Pst.

7.4.4 Flicker generated by a sinusoidal voltage profile

An ideal voltage profile v(t) as generated by the injection of a sinusoidal power profile can
be expressed as:

v(t) =

(
Vavg +

∆V

2
sin(ωt)

)
sin(ωet) (7.9)
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where Vavg is the average voltage, ∆V is the maximum voltage fluctuation, thus equal to
twice the amplitude of the modulating fluctuation in this case, ω is the radian frequency
of the modulating fluctuation, and ωe is the frequency of the power system. This voltage
profile can also be expressed using the scale factors k and k′ as:

v(t) =

(
kVavg(Pref ,Ψkref ) + k′

∆V (Pref ,Ψkref )

2
sin(ωt)

)
sin(ωet) (7.10)

For the sake of legibility, Vavg(Pref ,Ψkref ) and ∆V (Pref ,Ψkref ) will be referred to
as Vavg and ∆V in the rest of the demonstration. Hence, the previous equation can be
rewritten as:

v(t) =

(
kVavg + k′

∆V

2
sin(ωt)

)
sin(ωet) (7.11)

Based on this equation, the output O2(t) of Block 2 of the flickermeter, which consists
of a squaring multiplier, can be expressed as:

O2(t) = v2(t) =

[
kVavg + k′

∆V

2
sin(ωt)

]2

sin2(ωet)

=

[
k2V 2

avg + kVavgk
′∆V sin(ωt) + k′

2 ∆V 2

4
sin2(ωt)

]
sin2(ωet)

=
[
k2V 2

avg + kVavgk
′∆V sin(ωt)

+k′
2 ∆V 2

4

(
1− cos(2ωt)

2

)][
1− cos(2ωet)

2

]
(7.12)

The output O31(t) of the first two filters of Block 3 which remove the oscillating terms
whose frequency is either less than 0.05 Hz or greater than 35 Hz can be expressed as:

O31(t) =
1

2

(
kVavgk

′∆V sin(ωt)− k′2 ∆V 2

8
cos(2ωt)

)
(7.13)

The third filter of Block 3, whose Bode diagram is shown in Figure 7.2, applies a gain to
each sinusoidal fluctuation depending on its frequency. For the frequency range of interest
in the field of wave energy, namely 0.1 Hz to 0.7 Hz as described in Chapter 4, the gain
is linear with a gain equal to 0.12 pu/Hz, as illustrated in Figure 7.2. Hence, the gain
applied to the term of frequency 2ω is equal to twice the gain K applied to the term of
frequency ω. The output O32(t) of Block 3 can thus be expressed as:

O32(t) =
K

2

(
kVavgk

′∆V sin(ωt)− k′2 ∆V 2

4
cos(2ωt)

)
(7.14)

After Block 4, which consists of a squaring multiplier and of a gain K ′, the output
O4(t) entering Block 5 can be written as:
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O4(t) = K ′
[
K

2

(
kVavgk

′∆V sin(ωt)− k′2 ∆V 2

4
cos(2ωt)

)]2

=
K ′K2

4

(
k2V 2

avgk
′2∆V 2 sin2(ωt)− kVavg sin(ωt)k′

3 ∆V 3

2
cos(2ωt)

+
1

16
k′

4
∆V 4 cos2(2ωt)

)
=
K ′K2

4

(
k2V 2

avgk
′2∆V 2 sin2(ωt)− kVavg sin(ωt)k′

3 ∆V 3

2
cos(2ωt)

+
1

32
k′

4
∆V 4 (1 + cos(4ωt))

) (7.15)

Given that the maximum voltage fluctuation ∆V usually remains at a low level (it
was observed not to exceed 0.12 pu in any of the simulations performed in this thesis), the
following condition is valid:

∆V 2 � ∆V 3 � ∆V 4 (7.16)

In addition, the average voltage Vavg is expected to remain closely around 1 pu, which
is effectively observed in the simulations as it ranges between 0.985 pu and 1.096 pu. Based
on these observations, the scale factor k is also expected to remain relatively constant and
of the order of magnitude of unity. This last observation applies also to k′. Hence, the
second and third terms of (7.15) can be considered as negligible and the equation can be
rewritten as:

O4(t) =
K ′K2

4
k2V 2

avgk
′2∆V 2 sin2(ωt) (7.17)

The classifier in Block 5 creates its classes range based on the maximum instantaneous
flicker level Fmax = max(O4(t)), which is equal to:

Fmax = max(O4(t)) =
K ′K2

4
k2V 2

avgk
′2∆V 2 (7.18)

Hence, the maximum flicker level Fmax is proportional to the square of the term
kk′Vavg∆V . The flicker level of each of the Nclasses classes into which the input signal
to Block 5 is divided, as shown in Figure 7.5, can be expressed as:

Fi =
Fmax × i
Nclasses

(7.19)

The different levels Fi are thus proportional to the maximum flicker level, itself de-
pendent on the square of the term kk′Vavg∆V . In the cumulative probability function
(CPF) generated from the classifier’s results, these flicker levels Fi are in abscissa and the
percentage of occurrence corresponding to a given flicker level Fi is in ordinate.

Given that varying the amplitude of the voltage profile does not modify its shape,
which remains sinusoidal, the cumulative probability function (CPF) generated from the
classifier’s results is expected to keep the same shape as well, regardless of the amplitude of
the input signal. This is confirmed in Figure 7.6 which presents the normalised cumulative
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Figure 7.5: Illustration of the classifier

Figure 7.6: Normalised CPF for four different values of the maximum voltage
fluctuation ∆V

probability functions corresponding to sinusoidal voltage profiles having different values
in terms of the maximum voltage fluctuation ∆V .

Consequently, the abscissa of the CPF’s points, called percentiles and referred to as
Pi, is proportional to the square of the term kk′Vavg∆V . As defined in the IEC standard
6100-4-15, these percentiles are used in the calculation of the flicker level Pst as:

Pst =
√

0.0314P0.1 + 0.0525P1s + 0.0657P3s + 0.28P10s + 0.08P50s (7.20)

where

193



P50s =
P30 + P50 + P80

3

P10s =
P6 + P8 + P10 + P13 + P17

5

P3s =
P2.2 + P3 + P4

3

P1s =
P0.7 + P1 + P1.5

3

It was demonstrated earlier that the percentiles Pi are proportional to the square of
the term kk′Vavg∆V so that they can be expressed as:

Pi = (kk′Vavg∆V )2pi = A2pi (7.21)

Hence, (7.20) can be rewritten as:

Pst =
√
A2(0.0314p0.1 + 0.0525p1s + 0.0657p3s + 0.28p10s + 0.08p50s)

=A
√

0.0314p0.1 + 0.0525p1s + 0.0657p3s + 0.28p10s + 0.08p50s

(7.22)

so,

Pst ∝ kk′Vavg∆V (7.23)

In conclusion, the flicker level Pst of voltage profile whose amplitude is modulated by
a sinusoidal fluctuation is proportional to the term kk′Vavg∆V . However, considering that
the maximum voltage amplitude is expected to present greater variations with respect to
the farm rated power and to the impedance angle Ψk than the average voltage, the flicker
level Pst is expected to be approximately proportional to the term k′∆V only. In other
words, the ratio Pst/∆V depends on the radian frequency ω of the voltage fluctuation
only.

7.4.5 Generalisation to a real voltage profile

This statement can be generalised to any voltage profile as generated by a wave farm under
real sea conditions, i.e. having a polychromatic spectrum. The fluctuations modulating
the voltage profile in this case may be decomposed into a sum of sinusoidal terms of
pulsation ωj and of amplitude ∆Vj dephased by an angle Φj as:

v(t) =

kVavg + k′
n∑
j=1

∆Vj
2

sin(ωjt+ Φj)

 sin(ωet) (7.24)

The output O2(t) of Block 2, consisting of a squaring multiplier, can be expressed as:
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O2(t) = v2(t) =

kVavg + k′
n∑
j=1

∆Vj
2

sin(ωjt+ Φj)

2

sin2(ωet)

=
1

2

k2V 2
avg + kVavgk

′
n∑
j=1

∆Vj sin(ωjt+ Φj) +
k′2

4

 n∑
j=1

∆V 2
j sin2(ωjt+ Φj)

+
n∑
j 6=i

∆Vj∆Vi sin(ωjt+ Φj) sin(ωit+ Φi)

 (1− cos(2ωet))

=
1

2

k2V 2
avg + kVavgk

′
n∑
j=1

∆Vj sin(ωjt+ Φj) +
k′2

8

 n∑
j=1

∆V 2
j (1− cos(2ωjt+ 2Φj))

+

n∑
j 6=i

∆Vj∆Vi(cos((ωj − ωi)t+ Φj − Φi)− cos((ωj + ωi)t+ Φj + Φi)

 (1− cos(2ωet))

(7.25)

The output O31(t) within Block 3 after the removal of the oscillating terms whose
frequency is either less than 0.05 Hz or greater than 35 Hz can be written as:

O31(t) =
1

2

kVavgk′ n∑
j=1

∆Vj sin(ωjt+ Φj) +
k′2

8

− n∑
j=1

∆V 2
j cos(2ωjt+ 2Φj)

+
n∑
j 6=i

∆Vj∆Vi(cos((ωj − ωi)t+ Φj − Φi)− cos((ωj + ωi)t+ Φj + Φi))


(7.26)

Considering that the different frequencies fj = 2πωj are expected not to exceed 0.7 Hz,
as mentioned earlier, the gain Kj applied to each sinusoidal fluctuation by the third filter
of Block 3 can be considered as proportional to its frequency. Hence, the output O32(t) of
Block 3 can be expressed as:

O32(t) =
1

2

kVavgk′ n∑
j=1

Kj∆Vj sin(ωjt+ Φj) +
k′2

8

−2
n∑
j=1

Kj∆V
2
j cos(2ωjt+ 2Φj) +

n∑
j 6=i

∆Vj∆Vi(Kji cos((ωj − ωi)t+ Φj − Φi)−K ′ji cos((ωj + ωi)t+ Φj + Φi))


(7.27)

Assuming that the maximum voltage fluctuation ∆Vj is sufficiently small, then:

∆Vj � ∆V 2
j and ∆Vj � ∆Vj∆Vi (7.28)

Figure 7.7 which shows the square of the maximum voltage fluctuation ∆V as a func-
tion of ∆V . Considering that the maximum voltage fluctuation ∆V observed in the
simulations is equal to 0.12 pu, it can be assumed that the terms ∆Vj composing the
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Figure 7.7: Maximum voltage fluctuation ∆V and its square

voltage profile are at most of the same order of magnitude, which is highlighted by the
orange-shadowed area. It appears clearly from this figure that, in this case, (7.28) is valid.
It is important to bear in mind as well that the simulations performed in the previous
chapter, and on which the study presented in this chapter is based, have included very
weak networks, that is with a low short-circuit level SSC compared to the maximum power
fluctuation generated by the farm and a low impedance angle Ψk for which the impact
is maximal. In addition, the connection of a medium-size wave farm at nodes having a
lower short-circuit level is not expected due to the usually low power transfer capacity at
this type of connection points. Hence, it is expected that the maximum value in terms of
maximum voltage fluctuation ∆V which has been found in this work and which is equal
to 0.12 pu is representative of worst case conditions. Hence, (7.28) can be assumed to be
valid for any type of network to which a wave farm can be connected.

Consequently, the second and third terms of (7.27) can be considered as negligible
compared to the first one. Hence, this equation can be rewritten as:

O32(t) ≈ 1

2

kVavgk′ n∑
j=1

Kj∆Vj sin(ωjt+ Φj)

 (7.29)

Based on the previous equation, the output O4(t) of Block 4 can be expressed as:

O4(t) =
K ′k2V 2

avgk
′2

4

 n∑
j=1

Kj∆Vj sin(ωjt+ Φj)

2

(7.30)

where K ′ is the gain applied by Block 4 after the squaring multiplier. The maximum in-
stantaneous flicker Fmax, which is used in the classifier of Block 5, is equal to the maximum
of output O4(t), which can be written as:

Fmax = max(O4(t)) = max

K ′k2V 2
avgk

′2

4

 n∑
j=1

Kj∆Vj sin(ωjt+ Φj)

2 (7.31)

In similar fashion to the ideal case of a sinusoidal voltage profile, as the flicker level
Pst is proportional to the term

√
Fmax, a relation of proportionality can be established

between the flicker level and the maximum voltage fluctuation ∆Vj as:
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Pst ∝ kVavgk′max

 n∑
j=1

Kj∆Vj sin(ωjt+ Φj)

 (7.32)

Considering that the maximum voltage fluctuation is expected to vary in much greater
proportions than the average voltage as a function of the farm rated power and of the
impedance angle Ψk, the scale factor k is expected to remain approximately constant
compared to the scale factor k′. Hence, the flicker level Pst is expected to be approximately
proportional to the scale factor k′ as:

Pst ∝ k′max

 n∑
j=1

Kj∆Vj sin(ωjt+ Φj)

 (7.33)

As regards the maximum voltage fluctuation ∆V , it can be expressed as:

∆V (Prated,Ψk) =Vmax − Vmin

=kVavg + k′max

 n∑
j=1

∆Vj
2

sin(ωjt+ Φj)

− kVavg − k′min
 n∑
j=1

∆Vj
2

sin(ωjt+ Φj)


=k′max

 n∑
j=1

∆Vj
2

sin(ωjt+ Φj)

− k′min
 n∑
j=1

∆Vj
2

sin(ωjt+ Φj)


≈k′max

 n∑
j=1

∆Vj
2

sin(ωjt+ Φj)


(7.34)

Hence, the maximum voltage fluctuation ∆V is approximately proportional to the
term k′max(

∑n
j=1

∆Vj
2 sin(ωjt+ Φj)). Consequently, the ratio of the flicker level Pst to

the maximum voltage fluctuation ∆V (Prated,Ψk) can be expressed from (7.33) and (7.34)
as:

Pst

∆V
∝

k′max
(∑n

j=1Kj∆Vj sin(ωjt+ Φj)
)

k′max
(∑n

j=1
∆Vj

2 sin(ωjt+ Φj)
)

∝
max

(∑n
j=1Kj∆Vj sin(ωjt+ Φj)

)
max

(∑n
j=1

∆Vj
2 sin(ωjt+ Φj)

) (7.35)

The term max(
∑n

j=1Kj∆Vj sin(ωjt+ Φj)) is constant as it corresponds to the refer-

ence voltage profile, as well as the term (
∑n

j=1
∆Vj

2 sin(ωjt+ Φj)). Hence, the ratio of the
flicker level Pst to the maximum voltage fluctuation ∆V (Prated,Ψk) is constant.

This means that, for a given farm rated power Prated, the flicker level Pst1 at any
impedance angle Ψk1 can be calculated based a simple rule of three. The parameters
which are necessary for this calculation are a known value of the flicker level Pst2 at a
given impedance Ψ2, and the maximum voltage fluctuations ∆V1 and ∆V2 corresponding
the impedance angles Ψk1 and Ψk2 respectively. The rule of three can be expressed as:
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Pst1
∆V1

=
Pst2
∆V2

so Pst1 = ∆V
Pst2
∆V2

(7.36)

In similar fashion, for a given impedance angle Ψk, the flicker level Pst1 generated
by a wave farm of given rated power Prated1 can be estimated from the flicker level Pst2
corresponding to a reference rated power Prated2 , and from the maximum voltage fluctu-
ations ∆V1 and ∆V2 corresponding the rated powers Prated1 and Prated2 respectively. In
this case, the maximum and minimum active powers PGmax and PGmin generated by the
wave farm of rated power Prated2 are necessary for estimating the flicker level Pst1. The
implications of these findings will be described in more detail in Section 7.6.

It is interesting to note that the term max(
∑n

j=1Kj∆Vj sin(ωjt+ Φj)), to which the
flicker level Pst is proportional as described in (7.33), is characteristic of the frequency
spectrum of the voltage profile. However, this spectrum is similar to this of the wave farm
power output. Hence, for a wave farm consisting of similar devices which have thus a
similar mechanical response to a given sea-state, the frequency content of the spectrum of
the wave farm power output is the same as this of the power output of a single wave device.
Hence, the frequency content of the voltage profile is the same as that of the power output
of a single wave energy device. This is confirmed by the results shown in Figures 7.8a
to 7.8c which show the spectra of the voltage profile at the PCC, of the power output of a
wave farm and of the power output of an individual wave device. The amplitude of each
frequency in these three spectra cannot be compared of course, as the aggregation effect
from the farm is not represented in the spectrum of the individual wave device and as
there is no relation of proportionality between the active power of the wave farm and the
voltage at the PCC. However, it can be observed that the frequency range is indeed the
same for the power output profiles and for the voltage profile at the PCC.

7.4.6 Determination of an equivalent sinusoidal voltage profile

It is interesting to observe as well that the linear relationship between the flicker level
Pst and the maximum voltage fluctuation ∆V implies that there exists a single sinusoidal
fluctuation of period T and of amplitude ∆V

2 whose linear function’s leading coefficient
coincides with this corresponding to the real voltage profile. The corresponding sinusoidal
voltage profile V (t) can be expressed as:

V (t) = 1 +
∆V

2
sin

(
2πt

T

)
(7.37)

The relation between the flicker level corresponding to a real voltage profile and this
corresponding to a sinusoidal voltage profile can be expressed as:

{
Pstreal = a∆V in the case of real voltage profile
Pstsinus = a′∆V ′ in the case of a sinusoidal voltage fluctuation

(7.38)

Hence, if Pstreal = Pstsinus and ∆V = ∆V ′, then a = a′ and:

Pstsinus = a∆V = Pstreal ∀ ∆V (7.39)
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(a) Voltage at the PCC

(b) Power output of the wave farm

(c) Power output of an individual wave device

Figure 7.8: Frequency spectra (the fundamental component has been removed for the sake
of legibility)

7.4.7 Determination of the scale factors k and k′

There are several ways to calculate these scale factors, depending on the demanded level
of accuracy. Given that a VAr compensator is connected at the point of common coupling
(PCC) and assuming that the voltage profiles for each case are not available, the values of
the maximum, minimum and average voltage Vmax, Vmin and Vavg can only be calculated
by iteration from the maximum, minimum and average farm power PGmax , PGmin and
PGavg by means of the Newton-Raphson algorithm described in Chapter 4. This would
require to using a power system simulator, which may be particularly expensive for wave
device developers or to develop a load flow pogramme. Both of these methods require a
certain level of expertise in the field of electrical engineering which developers may not all
have. However, the results in terms of voltage level which are obtained with and without
the VAr compensator show an approximately similar trends, as illustrated in Figure 7.9
which presents the maximum voltage Vmax as a function of the maximum power PGmax .
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Figure 7.9: Maximum voltage as a function of the maximum power PG with and without
VAr compensator

This means that it may be possible to use analytical formulae in order to obtain rough
results at a first stage. Hence, the trend of the voltage at the point of common coupling
VPCC as a function of PG can be estimated approximately as:

V = 1 +
(PPCC − PL)RS + (QPCC −QL)XS

V 2
(7.40)

where PPCC and QPCC are the active and reactive power arriving at the point of common
coupling respectively, and PL and QL are the active and reactive power consumption of
the load connected at the 38 kV bus representing the consumption of a small town and of
its surroundings. Assuming negligible power losses, this equation can be rewritten as:

V = 1 +
(PG − PL)RS + (QG −QL)XS

V 2
(7.41)

where PG and QG are the active and reactive power generated by the farm and by the
farm network respectively. In similar fashion, the trend of the maximum voltage difference
∆V as a function of the maximum power difference ∆P = Pmax − Pmin can be estimated
based on the following formula:

∆V =
PGmaxRS +QGmaxXS − (PGminRS +QGminXS)

V 2
(7.42)

In the case where the generator outputting this fluctuating power is operated at unity
power factor (which is the case in this study), the reactive power QG passing through the
PCC in direction of the farm offshore network is absorbed by the combined impedance
XG of the cables and of the overhead line. Hence, it is proportional to the square of the
generated active power PG as:

QG = −3XGI
2
G +Qgen = −3XG

(
PG√
3V

)2

+Qgen ≈ −XG

(
PG
V

)2

(7.43)

where Qgen is the reactive power generated by the cables and is negligible in this case, as
shown in Chapter 5. Hence, the reactive power absorption follows the trend of the active
power and is maximal when the farm outputs its maximum active power. Consequently,
(7.41) and (7.42) can be rewritten as:
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V = 1 +
(PG − PL)RS + (QG −QL)XS

V 2

= 1 +
(PG − PL)RS − (P 2

G
XG
V 2 −QL)XS

V 2

= 1 +
(PG − PL)RSV

2 − (P 2
GXG − V 2QL)XS

V 4
(7.44)

and

∆V =
|(PGmax − PL)RS + (QGmax −QL)XS − ((PGmin − PL)RS + (QGmin −QL)XS)|

V 2

=

∣∣PGmaxRSV 2 − P 2
Gmax

XGXS − (PGminRSV
2 − P 2

Gmin
XS)

∣∣
V 4

(7.45)

Considering that the value of the voltage V and of the maximum voltage fluctuation
∆V may be expressed as a function of the active power PG generated by the farm only, it
is possible to estimate the value of these variables with respect to the active power PG by
means of scale factors k and k′.

It must be noted that the average voltage Vavg does not necessarily correspond to the
average power PGavg and to the corresponding reactive power. However, in all the produc-
tion periods analysed in the context of this work, the average power Pavg was relatively
low to generate a negligible reactive power, which leads to a linear relationship between
the average voltage Vavg and the average power Pavg in this case.

7.4.8 Summary

Both the average voltage Vavg and the maximum voltage fluctuation ∆V , on which the
flicker level Pst is highly dependent, can be estimated approximately with respect to both
the farm rated power Prated and the impedance angle Ψk at the point of connection as:

Vavg(Prated,Ψk) = k(Prated,Ψk)Vavg(Pref ,Ψkref )

and ∆V (Prated,Ψk) = k′(Prated,Ψk)Vavg(Pref ,Ψkref )

Consequently, this means that it is possible for instance to estimate the flicker level
generated by a 50 MW wave farm connected to a node whose impedance angle Ψk is equal
to 70◦ based on a limited amount of data concerning a wave farm of much smaller rated
power, for example 5 MW, connected at a node whose impedance angle is equal to 50◦.
The type of data required for the estimation consists of:

− the curve of the maximum, minimum and average active powers PGmax , PGmin and
PGavg generated by the wave farm as a function of the rated power Prated,

− the equivalent resistance RG and reactance XG of the farm electrical network,

− and the active and reactive power consumption PL and QL of the load connected to
the 38 kV bus.

Considering that the flicker level Pst at a given short-circuit ratio can also be estimated
using the flicker coefficient c(Ψk) already described in Section 7.1.1, the flicker level which
would be generated for a given short-circuit level SSC , a given impedance angle Ψk and
a given farm rated power Prated can be estimated from the flicker level generated at any
other short-circuit level, impedance angle and farm rated power.
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(a) Production period A (b) Production period B

(c) Production period D (d) Production period E

Figure 7.10: Flicker level Pst as a function of the maximum voltage fluctuation ∆V

7.5 Results

7.5.1 Relationship between the flicker level Pst and the maximum volt-
age fluctuation ∆V (P,Ψk)

It was demonstrated in the previous sections that the relationship between the flicker level
Pst and the scale factor k′ is expected to be linear. Hence, this means that the relation
between the flicker level and the maximum voltage fluctuation ∆V (Prated,Ψk), referred to
as ∆V in the rest of the chapter, is also linear. This is confirmed by the results shown
in Figures 7.10a to 7.10d which present the flicker level Pst for each production period
as a function of the maximum voltage amplitude ∆V . The results included in each of
these graphs were obtained for rated power values of the farm ranging between 5 MW and
50 MW and impedance angles Ψk ranging between 30◦ and 85◦.

The leading coefficients of the linear functions are summarised in Table 7.2. These
coefficients are greater with respect to the production periods A and B in which the gener-
ator is operated in fixed speed mode than for the production periods D and E in which it
is operated in variable speed mode. This was expected as inertial storage is not available
with the former type of speed control mode, which means that the mechanical power peaks
are directly transformed into electrical power peaks.

It is also quite interesting to note that the leading coefficient corresponding to pro-
duction period A is relatively close to this of production period B, which are the two
production periods in which the generator is operated at fixed speed. In similar fashion,
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Period label Leading coefficient

A 6.82
B 8.99
D 2.43
E 2.66

Table 7.2: Leading coefficients of the linear functions Pst = a∆V used as an approximation

∆V (pu) 0.004 0.02 0.04 0.08 0.1 0.12

Period T (s) 11.1 10.5 10.4 10.4 10.4 10.4

(a) Production period A

∆V (pu) 0.004 0.008 0.02 0.04 0.06

Period T (s) 8.0 7.8 7.8 7.8 7.8

(b) Production period B

∆V (pu) 0.01 0.03 0.05 0.07 0.09

Period T (s) 32.3 29.9 29.4 29.6 29.5

(c) Production period D

∆V (pu) 0.01 0.03 0.05 0.07 0.09

Period T (s) 28.6 27.0 26.8 26.8 26.8

(d) Production period E

Table 7.3: Period T of the sinusoidal fluctuation corresponding to given maximum voltage
fluctuation ∆V

the leading coefficient corresponding to production period D is approximately equal to
this corresponding to production period E. In both of these latter production periods, the
generator is operated in variable speed mode. This may mean that the leading coefficient
may be extracted from the characteristics of the wave device design and of its operation
mode.

Equivalent sinusoidal voltage profile

The period T of the equivalent sinusoidal voltage profile, as described in Section 7.4.6, cor-
responding to each production period was investigated by determining the expected flicker
level Pst for a series of maximum voltage fluctuation ∆V ranging between the minimum
and the maximum values observed for each production period. This range was reduced in
the case of maximum voltage fluctuations ∆V corresponding to a flicker level Pst less than
0.010, as it is the margin of error of the flickermeter. Tables 7.3a to 7.3d detail the results
for each production period while Table 7.4 indicates the average period T as well as the
ratio of the energy period Te of each production period (which is calculated as Te = 1.3Tz
as described in Chapter 4) to this period T .

Interestingly, the ratio of the energy period Te to the period T corresponding to each
of the production periods A and B, during which the generator is operated in fixed speed
mode, is close to unity. This confirms that the flicker level Pst of an entire wave farm can
be characterised from the mechanical response of its individual devices, as mentioned in
Section 7.4.5. On the contrary, the ratio is much smaller for production periods D and E
in which the generator is operated in variable speed mode, ranging between 0.3 and 0.4,
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Period Period T (s) Te (s) Te/T

A 10.4 10.9 1.05
B 7.8 7.3 0.93
D 29.9 8.8 0.3
E 26.8 10.13 0.4

Table 7.4: Period T of the sinusoidal voltage profile corresponding to each production
period

which seems also coherent as in this case, the electrical power generation is decoupled to
some extent from the fluctuations of the mechanical input power. Hence, the period T
cannot be estimated directly from the energy period Te in this case and information on
the voltage profile is thus necessary to estimate its value.

Relation of proportionality between the flicker levels obtained in fixed and
variable speed operation

It can be observed that there exists a relation of proportionality between the flicker levels
corresponding to the fixed speed and to the variable speed modes. This can be explained
from (7.33). This equation defines a relation of proportionality between the flicker level
Pst and the gain Kj applied by the Block 3 of the flickermeter and corresponding to a
given voltage fluctuation of radian frequency ω. Hence, the flicker level Pst should increase
linearly as a function of the radian frequency ω of its equivalent sinusoidal voltage profile.
This means that the flicker level Pst1 corresponding to a sinusoidal voltage profile of radian
frequency ω1 can be calculated with a simple rule of three as:

Pst1 = Pst2
ω1

ω2
(7.46)

where Pst2 is known and corresponds to a sinusoidal voltage profile of radian frequency
ω2. Hence, the relation between the two flicker levels Pstfix and Pstvar obtained for a
given production period during which the generators are operated in fixed and in variable
speed mode respectively can be obtained from the rule of three defined in (7.46) using the
two radian frequencies ωfix and ωvar corresponding to each of these production periods
as:

Pstfix = Pstvar
ωfix
ωvar

(7.47)

This can be applied to the case of production periods A (fixed speed) and A′ (variable
speed) which were described in the previous chapter. The period T corresponding to the
production period A is equal to 10.4 seconds, as was shown in Table 7.4. As regards the
production period A′, considering that its flicker level is close to that obtained with the
production period D which has similar sea-state characteristics, it can be assumed that
the period T corresponding to the production period A′ is equal to this of the production
period D (29.9 seconds). Hence, the flicker level corresponding to the production period A
(fixed speed) should be approximately three times as high as the flicker level obtained with
the production period A′ (variable speed), as calculated below:

Pstfix = Pstvar
ωfix
ωvar

= Pstvar
Tvar
Tfix

= Pstvar
29.9

10.4
= 2.9Pstvar (7.48)
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Impedance angle Ψk (◦) 30 50 70 85

Pst - A (fixed speed) 0.88 0.58 0.19 0.23

Pst - A′ (variable speed) 0.30 0.20 0.06 0.07

Ratio 2.9 2.9 3.1 3.2

Table 7.5: Flicker level obtained with the production period A (fixed speed) and A′ (vari-
able speed)

Impedance angle Ψk (◦) 30 50 70 85

Pstpwr (experimental power
profile)

0.30 0.20 0.06 0.07

Pstvolt (sinusoidal voltage profile) 0.61 0.40 0.06 0.07

Ratio 0.5 0.5 0.6 0.4

Table 7.6: Flicker level as obtained from the filtered experimental power profile (top)
and from the filtered equivalent sinusoidal voltage profile (bottom) as a function of the
maximum voltage fluctuation ∆V obtained for the fixed speed mode (production period A)

This is confirmed by the results shown in Table 7.5. It is interesting to note that the
proportionality coefficient which is equal to 2.9 in the case of the production periods A and
A′ is exactly equal to the square of the time constant τf which represents the inertia of the
system and which is equal to 1.7 seconds. If a relation between the flicker level in variable
and fixed speed mode based on this time constant τf only existed, this would mean that
calculating the flicker level corresponding to the variable speed mode with any sea-state
would require only data on the flicker level corresponding to the fixed speed mode (which
can be easily determined from the energy period Te) and on the inertia time constant τf
of the system. However, the absence of complementary data prevented this aspect to be
investigated any further.

In addition, it was also found that the flicker level as obtained in variable speed mode
can be estimated from the sinusoidal voltage profile corresponding to the fixed speed
mode which is filtered by a first order low-pass filter whose time constant is equal to the
inertia time constant τf of the wave device. The results presented in Table 7.6 show that
the relation which exists between the flicker level Pstvolt as calculated from the filtered
sinusoidal voltage profile and the flicker level Pstpwr which is calculated from the filtered
experimental power profile can be defined as:

Pstpwr ≈
1

2
Pstvolt (7.49)

The existence of this ratio can be explained from the assumptions made with this
method. Applying a sinusoidal fluctuation of period T equal to 10.4 seconds to a filter pro-
duces a fluctuation of reduced amplitude having the same period, as shown in Figure 7.11
which shows an input voltage fluctuation of amplitude ∆V equal to 0.1 pu. The corre-
sponding output from this filter is also a fluctuation of period T equal to 10.4 seconds, but
whose amplitude is smaller. In this case, the amplitude of the input signal is 140% greater
than the amplitude of the output signal of the filter. It was observed that the ratio of the
amplitude between the input and the output signals depends only on the time constant τf
of the filter. The trend of this amplitude reduction phenomenon as a function of the time
constant τf is shown in Figure 7.12.

Hence, as the flicker level Pst is proportional to the amplitude of a sinusoidal voltage
fluctuation, this means that the amplitude reduction performed by the filter decreases the
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Figure 7.11: Input and output signals of a first order low-pass filter of time constant τf

Figure 7.12: Amplitude reduction as a function of the filter time constant τf=1.7 seconds

flicker level corresponding to the output by 140% compared to the flicker level obtained
with the input power. In addition, the period of the input and output signals is the
same. However, the period T corresponding to the variable speed operation is equal
to 29.9 seconds. Hence, as the flicker level Pst is also proportional to the frequency
of sinusoidal fluctuation, this means that the flicker level as obtained from the filtered
sinusoidal voltage profile is increased by 29.9/10.4=290% compared to the flicker level
obtained from the filtered power profile. Finally, this means that the flicker level calculated
from the power profile Pstpwr should be approximately twice as less as the flicker level
Pstvolt obtained from the filtered sinusoidal voltage profile which is confirmed by the
results shown in Table 7.6. This is summarised mathematically as:

Pstpwr =
10.4

29.9
× 1.4Pstvolt = 0.5Pstvolt (7.50)

As mentioned earlier, if there existed a simple relation between the periods of the
equivalent sinusoidal voltage profiles corresponding to the fixed speed ratio and to the
variable speed modes respectively based on the inertia time constant τf , this would mean
that it would be possible to calculate the flicker level corresponding to different sea-states
and to different values of the inertia time constant τf based on this parameter and on
the energy period of the sea-state under consideration. This would simplify further the
estimation of the flicker level generated by a wave farm. This topic will be addressed in
future work.
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Summary

In conclusion, these results are interesting as they tend to demonstrate that the flicker
generated by a wave farm may be estimated with a fairly reasonable level of accuracy by
means of an equivalent sinusoidal voltage profile. In addition, a relatively limited amount
of data is required concerning the characteristics of the farm’s electrical network and of
the local network to which it is connected, as well as concerning the design of the wave
device. In the case where the energy conversion chain of the wave device includes little to
no means of storage, it can be assumed, as a worst case scenario, that the flicker generated
by this device is equivalent to the flicker generated by a sinusoidal voltage fluctuation of
period Te. The amplitude of this sinusoidal fluctuation can be calculated from the maxi-
mum power fluctuation ∆P = Pmax − Pmin.

In the more complex case where some form of storage is used in the energy conversion
chain, information regarding the ratio of the energy period Te to the period T may be
required from the developers. Alternatively, this period T may be calculated from a power
profile corresponding to the variable speed mode, or from a power profile corresponding
the fixed speed mode which is filtered by a first order low-pass filter of time constant
τf . This will be addressed in future work. Although this type of data provides enough
information for the estimation of the flicker level Pst, they have the advantage not to
reveal any features of the device design which may be commercially sensitive.

7.5.2 Estimation of the flicker level Pst in relation to the farm rated
power Prated

This section presents the results regarding the flicker estimation method in relation to the
farm rated power Prated. The flicker level generated by a wave farm (whose rated power
ranges between 5 MW and 50 MW) was estimated from the flicker level generated by a
farm whose rated power is equal to 5 MW. The results where then compared with those
obtained by analysing the data generated by the power system simulations.

The flicker level Pst was estimated based on the flicker level generated by a farm
whose rated power Prated is equal to 5 MW. It was mentioned in Section 7.1.2 that using
the square root of the scale factor k′ was expected to provide more accurate results than
the use of the scale factor itself, considering the fact that voltage fluctuations are expected
to be dephased. This was found to be correct, as shown in Figures 7.13a to 7.16d which
present the flicker level as obtained from the simulations (labeled “simulation”), the flicker
level as obtained from the estimation method with the scale factor (“theoretical”) and its
square root (“theoretical - sqrt”).

The results of an additional study were also presented (labeled as “5 MW scaled up”).
These results corresponds to the flicker level generated by a fictive voltage profile modeled
based on the voltage profile generated by a 5 MW-rated wave farm and which is intended
to represent the equivalent voltage profile as generated by a 50 MW-rated wave farm which
does not take the power smoothing effect of the aggregation of several devices into account.
In other words, the shape of this fictive voltage profile is the same as this obtained with a
5 MW-rated farm but its amplitude is greater and is calculated as:

(V (t)− Vavg)scaled up = (V (t)− Vavg)5 MW
∆V50 MW

∆V5 MW
(7.51)

where (V (t) − Vavg)5 MW is the voltage profile corresponding to a wave farm of 5 MW
minus its average voltage, ∆V50 MW and ∆V5 MW are the maximum voltage fluctuations
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(a) 30◦ (b) 50◦

(c) 70◦ (d) 85◦

Figure 7.13: Flicker level Pst (estimated and simulated) as a function of the rated power
Prated, production period A

corresponding to a wave farm of 50 MW and 5 MW respectively. The results shown in
Figures 7.13a to 7.16d demonstrate that the results obtained by using the scale factor k′

(and not its square root) correspond very well to this case, which is indeed a worst case
scenario in terms of flicker. This means that the error between the experimental results
and the estimation method are induced by the change of shape of the voltage profile.

Table 7.7 shows the simulation results (referred to as “Simulation”) corresponding to
voltage profile obtained with the experimental power time series for the different produc-
tion periods considered in this study. They show also the results obtained through the
estimation (thus referred to as “Estimation”) of the flicker generated by a 5 MW-rated
farm using the square root of the scale factor k′. The error between these two types of
results is also presented. The estimation was performed for the following impedance angles
Ψk: 30◦, 50◦, 70◦ and 85◦.

Table 7.8 summarises the maximum error obtained for each of the production periods
considered in this study. It can be observed that the error remains below 0.1, with the
exception of three cases whose values are equal to 0.11, 0.12 and 0.15 respectively. This
shows that the estimation method with respect to the farm rated power provides suffi-
ciently accurate results in most cases.

The error usually increases when only the scale factor k′ related to the maximum
voltage fluctuation ∆V is used in the calculations, with the exception of only two cases.
However, this error is negligible. Table 7.9 summarised the difference in terms of error
between the results obtained with the approximation minus these obtained with the esti-
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(a) 30◦ (b) 50◦

(c) 70◦ (d) 85◦

Figure 7.14: Flicker level Pst (estimated and simulated) as a function of the rated power
Prated, production period B
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(a) 30◦ (b) 50◦

(c) 70◦ (d) 85◦

Figure 7.15: Flicker level Pst (estimated and simulated) as a function of the rated power
Prated, production period D
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(a) 30◦ (b) 50◦

(c) 70◦ (d) 85◦

Figure 7.16: Flicker level Pst (estimated and simulated) as a function of the rated power
Prated, production period E
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Prated
Period Ψk 5 MW 10 MW 15 MW 20 MW 30 MW 40 MW 50 MW

A

30◦
Simulation 0.53 0.55 0.63 0.71 0.75 0.79 0.88
Estimation 0.53 0.53 0.66 0.66 0.76 0.74 0.83

Error 0.00 0.02 0.03 0.04 0.01 0.05 0.05

50◦
Simulation 0.39 0.40 0.46 0.51 0.52 0.54 0.58
Estimation 0.39 0.39 0.48 0.48 0.54 0.52 0.57

Error 0.00 0.01 0.03 0.03 0.02 0.01 0.00

70◦
Simulation 0.20 0.21 0.23 0.25 0.23 0.21 0.19
Estimation 0.20 0.20 0.23 0.24 0.25 0.23 0.23

Error 0.00 0.01 0.01 0.00 0.02 0.02 0.04

85◦
Simulation 0.05 0.05 0.04 0.04 0.07 0.12 0.23
Estimation 0.05 0.05 0.05 0.04 0.07 0.08 0.14

Error 0.00 0.00 0.00 0.01 0.01 0.04 0.08

B

30◦
Simulation 0.29 0.36 0.49 0.52 0.56 0.58 0.63
Estimation 0.29 0.39 0.57 0.43 0.47 0.46 0.47

Error 0.00 0.03 0.08 0.09 0.09 0.12 0.15

50◦
Simulation 0.22 0.27 0.36 0.39 0.41 0.43 0.46
Estimation 0.22 0.29 0.42 0.35 0.35 0.34 0.35

Error 0.00 0.02 0.06 0.04 0.06 0.08 0.11

70◦
Simulation 0.12 0.15 0.19 0.21 0.22 0.22 0.24
Estimation 0.12 0.14 0.17 0.17 0.19 0.18 0.19

Error 0.00 0.01 0.03 0.03 0.03 0.04 0.05

85◦
Simulation 0.12 0.15 0.19 0.21 0.22 0.22 0.24
Estimation 0.12 0.13 0.15 0.15 0.15 0.15 0.15

Error 0.00 0.01 0.04 0.06 0.07 0.07 0.09

D

30◦
Simulation 0.11 0.14 0.16 0.19 0.23 0.22 0.25
Estimation 0.11 0.14 0.16 0.17 0.21 0.21 0.23

Error 0.00 0.00 0.00 0.02 0.02 0.01 0.02

50◦
Simulation 0.08 0.10 0.12 0.14 0.16 0.16 0.16
Estimation 0.08 0.10 0.12 0.13 0.15 0.15 0.16

Error 0.00 0.00 0.00 0.01 0.01 0.01 0.01

70◦
Simulation 0.05 0.05 0.06 0.07 0.06 0.07 0.05
Estimation 0.05 0.05 0.06 0.06 0.07 0.07 0.06

Error 0.00 0.00 0.00 0.00 0.01 0.00 0.01

85◦
Simulation 0.01 0.01 0.01 0.01 0.04 0.02 0.07
Estimation 0.01 0.01 0.01 0.01 0.05 0.05 0.19

Error 0.00 0.00 0.00 0.00 0.02 0.02 0.12

E

30◦
Simulation 0.05 0.07 0.09 0.11 0.11 0.13 0.14
Estimation 0.05 0.06 0.10 0.10 0.13 0.13 0.17

Error 0.00 0.01 0.00 0.00 0.02 0.00 0.03

50◦
Simulation 0.04 0.05 0.07 0.08 0.08 0.09 0.10
Estimation 0.04 0.05 0.07 0.08 0.10 0.09 0.12

Error 0.00 0.01 0.00 0.00 0.01 0.00 0.03

70◦
Simulation 0.02 0.03 0.04 0.04 0.04 0.05 0.05
Estimation 0.02 0.03 0.04 0.04 0.05 0.05 0.06

Error 0.00 0.00 0.00 0.00 0.01 0.00 0.01

85◦
Simulation 0.01 0.01 0.01 0.01 0.01 0.1 0.1
Estimation 0.01 0.01 0.01 0.01 0.01 0.1 0.1

Error 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Table 7.7: Flicker level Pst as obtained through the classical method and through the
proposed estimation method for several values of the farm rated power Prated
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Production period
Prated A B D E

30◦ 0.05 0.15 0.02 0.03
50◦ 0.03 0.11 0.01 0.03
70◦ 0.04 0.05 0.01 0.01
85◦ 0.08 0.09 0.12 0.00

Table 7.8: Absolute value of the maximum error with respect to the flicker level Pst
between the simulation results and these obtained through the proposed estimation method

Production period
Prated A B D E

30◦ 0.07 0.01 0.03 -0.01
50◦ 0.02 0.01 0.01 0.00
70◦ -0.01 0.01 0.00 0.00
85◦ 0.00 0.00 0.00 0.00

Table 7.9: Maximum difference in terms of error between the results obtained through the
proposed estimation method and its approximative form based on k′ only

mation method which were presented in the first part of this section. This means implicitly
that the average voltage Vavg can be considered as approximately constant as a function
of the rated power Prated.

7.5.3 Estimation of flicker level Pst in relation to different impedance
angles Ψk

This section presents the results regarding the flicker estimation method in relation to
different impedance angles Ψk. The flicker level generated by a wave farm whose rated
power ranges between 5 MW and 50 MW was estimated from the flicker level obtained with
an impedance angle equal to 30◦. The results where then compared with those obtained
from the power system simulations time series.

Results

Table 7.10 shows the simulation results as well as these obtained through the estimation
method. The error between these two types of results is also indicated. The level of error
is very low and does not exceed 0.02, as summarised in Table 7.11 which presents the max-
imum error observed for each production period. This demonstrates that the estimation
method proposed in this work provides relatively accurate results.

In similar fashion to the estimation with respect to the rated power, estimating the
flicker level Pst by taking into account only the scale factor k′ related to the maximum
voltage fluctuation ∆V (thus assuming that the average voltage Vavg is approximately con-
stant as a function of the impedance angle Ψk) leads to a negligible increase of the error.
Table 7.12 summarises the difference between the maximum error obtained with the ap-
proximative form of the estimation method and these obtained with the non-approximated
form of this estimation method. This difference is negligible which means that the flicker
level Pst can be safely estimated based on the maximum voltage fluctuation ∆V only.
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Prated
Period Ψk 5 MW 10 MW 15 MW 20 MW 30 MW 40 MW 50 MW

A

30◦
Simulation 0.53 0.55 0.63 0.71 0.75 0.79 0.88
Estimation 0.53 0.55 0.63 0.71 0.75 0.79 0.88

Error 0.00 0.00 0.00 0.00 0.00 0.00 0.00

50◦
Simulation 0.39 0.40 0.46 0.51 0.52 0.54 0.58
Estimation 0.39 0.40 0.46 0.51 0.52 0.54 0.58

Error 0.00 0.00 0.00 0.00 0.00 0.00 0.00

70◦
Simulation 0.20 0.21 0.23 0.25 0.23 0.21 0.19
Estimation 0.20 0.21 0.23 0.25 0.22 0.20 0.18

Error 0.00 0.00 0.00 0.00 0.01 0.01 0.01

85◦
Simulation 0.05 0.05 0.04 0.04 0.07 0.12 0.23
Estimation 0.04 0.04 0.04 0.03 0.06 0.10 0.29

Error 0.01 0.01 0.00 0.01 0.02 0.02 0.06

B

30◦
Simulation 0.29 0.36 0.49 0.52 0.56 0.58 0.63
Estimation 0.29 0.36 0.49 0.52 0.56 0.58 0.63

Error 0.00 0.00 0.00 0.00 0.00 0.00 0.00

50◦
Simulation 0.22 0.27 0.36 0.39 0.41 0.43 0.46
Estimation 0.22 0.27 0.36 0.39 0.41 0.43 0.46

Error 0.00 0.00 0.00 0.00 0.00 0.00 0.00

70◦
Simulation 0.12 0.15 0.19 0.21 0.21 0.22 0.24
Estimation 0.12 0.15 0.19 0.21 0.22 0.22 0.24

Error 0.00 0.00 0.00 0.00 0.00 0.00 0.00

85◦
Simulation 0.04 0.04 0.05 0.05 0.05 0.05 0.05
Estimation 0.03 0.04 0.04 0.04 0.04 0.04 0.04

Error 0.00 0.00 0.01 0.01 0.01 0.01 0.01

D

30◦
Simulation 0.11 0.14 0.16 0.19 0.23 0.22 0.25
Estimation 0.11 0.14 0.16 0.19 0.23 0.22 0.25

Error 0.00 0.00 0.00 0.00 0.00 0.00 0.00

50◦
Simulation 0.08 0.10 0.12 0.14 0.16 0.15 0.16
Estimation 0.05 0.05 0.06 0.07 0.06 0.07 0.05

Error 0.00 0.00 0.00 0.00 0.01 0.01 0.00

70◦
Simulation 0.05 0.05 0.06 0.07 0.06 0.07 0.05
Estimation 0.05 0.05 0.06 0.07 0.07 0.06 0.05

Error 0.00 0.00 0.00 0.01 0.02 0.01 0.01

85◦
Simulation 0.01 0.01 0.01 0.01 0.02 0.03 0.06
Estimation 0.01 0.01 0.01 0.01 0.04 0.02 0.07

Error 0.00 0.00 0.00 0.01 0.02 0.01 0.01

E

30◦
Simulation 0.05 0.07 0.09 0.11 0.11 0.13 0.14
Estimation 0.05 0.07 0.09 0.11 0.11 0.13 0.14

Error 0.00 0.00 0.00 0.00 0.00 0.00 0.00

50◦
Simulation 0.04 0.05 0.07 0.08 0.08 0.09 0.10
Estimation 0.04 0.05 0.07 0.08 0.08 0.09 0.10

Error 0.00 0.00 0.00 0.00 0.00 0.00 0.00

70◦
Simulation 0.02 0.03 0.04 0.04 0.04 0.04 0.05
Estimation 0.02 0.03 0.04 0.04 0.04 0.04 0.05

Error 0.00 0.00 0.00 0.00 0.00 0.00 0.00

85◦
Simulation 0.02 0.03 0.04 0.04 0.04 0.05 0.05
Estimation 0.02 0.03 0.04 0.04 0.04 0.04 0.05

Error 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Table 7.10: Flicker level Pst as obtained through the classical method and through the
proposed estimation method for several values of the impedance angle Ψk
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Production period
Prated A B D E

5 MW 0.01 0.00 0.00 0.00
10 MW 0.01 0.00 0.00 0.00
15 MW 0.01 0.01 0.00 0.00
20 MW 0.01 0.01 0.01 0.00
30 MW 0.02 0.01 0.02 0.00
40 MW 0.02 0.01 0.01 0.01
50 MW 0.06 0.01 0.01 0.01

Table 7.11: Maximum error with respect to the flicker level Pst between the simulation
results and these obtained through the proposed estimation method

Production period
Prated A B D E

5 MW 0.00 0.00 0.02 0.02
10 MW 0.00 0.00 0.03 0.02
15 MW 0.00 0.00 0.02 0.02
20 MW 0.00 0.00 0.02 0.02
30 MW 0.00 0.00 0.01 0.01
40 MW -0.01 0.00 0.02 0.01
50 MW 0.03 0.00 0.02 0.00

Table 7.12: Maximum difference in terms of error between the results obtained through
the proposed estimation method and through its approximative form based on k′ only

7.6 Application of the proposed methods for grid connec-
tion studies

Grid connection studies are routinely conducted by grid operators as part of grid connec-
tion applications. They are intended to determine any potential issues which may arise
from the connection of an installation to the network, in order to mitigate them if they
prove to be significant. However, the absence of reliable and validated dynamic models
of wave devices prevents the comprehensive and accurate assessment of the grid impact
induced by wave farms.

The methods proposed in this chapter may greatly facilitate this type of study regard-
ing the flicker which is generated by a wave farm. Firstly, the amount of data which is
required from wave device developers is relatively small, as it consists of the maximum,
minimum and average active power levels generated by the farm as a function of the num-
ber of devices N as well as the inertia time constant τf of a wave device in case it is
operated in variable speed mode. Grid operators may then use this data in load flow stud-
ies to determine the corresponding maximum voltage fluctuation ∆V and average voltage.

The farm maximum, minimum and average active power are highly dependent on
the device layout and on the farm orientation compared to the dominant wave direction.
Hence, it is proposed that grid operators define a reference device layout and farm orien-
tation which the developers may used to compute these parameters.

It is important to mention that grid operators usually require dynamic models which
may be simulated for a simulation time step greater than a pre-defined limit. For instance,
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the limit enforced by the Irish grid operators is equal to 5 ms [35]. In addition, wind
turbines models for power system studies usually consists of a simplified two-mass model
which does not represent the rotor and tower vibration modes nor the vibration of the
drive-train, so it is not expected, based on these two observations, that highly detailed
models for wave devices will be required either.

7.7 Conclusions

This chapter has presented a method for estimating the flicker level Pst in relation to both
the farm rated power and to the impedance angle Ψk. This method is complementary to
the method described in the IEC standard 61400-21 which defines a flicker coefficient
c(Ψk) independent of the short-circuit ratio. Based on these three methods, the flicker
level as generated by a wave farm at any connection point and for any farm rated power
can be estimated based on the data corresponding to one flicker level sample only. This
flicker level sample may be obtained from experimental data or simply from data on the
considered sea-state and on the inertia time constant tauf of the wave device.

The chapter presented the theoretical background underpinning the method. It was
demonstrated that the flicker level Pst could be estimated by means of scale factors k
and k′ related to the average voltage Vavg and to the maximum voltage fluctuation ∆V
of a voltage profile. More specifically, it was demonstrated that there exists a linear
relationship between the flicker level Pst and the product kk′ of these scale factors. How-
ever, considering that the average voltage Vavg remains relatively close to unity whereas
important variations are observed for the maximum voltage fluctuation ∆V , this linear
relationship was reduced to a proportional relationship between the flicker level Pst and
the scale factor k′. These assumptions were verified based on simulations results obtained
with PowerFactory. The results obtained through the estimation method proved to be in
good agreement with the simulation results.

The estimation method proposed in this work provides a useful and simple tool for
the estimation of flicker as well as the dissemination of experimental data. It may help
developers to estimate the flicker level Pst generated by a farm composed of their device
for any kind of network to which it may be connected. This may greatly facilitate the
design process by ensuring that no flicker issue is likely to arise if the devices are connected
to any connection points located in the countries or regions targeted by the developer.

In addition, this may also facilitate the grid compliance analyses performed by the grid
operators. More specifically, they may for instance base the compliance tests on a num-
ber of strictly defined wave device layouts whose characteristics (i.e. geometrical shape,
number of devices and inter-device distance) would be communicated to any wave farm
owner applying for grid connection. Based on these characteristics, the wave farm owner
may compute the maximum, minimum and average active power corresponding to these
layouts for different sea-states, as well as the period T of the equivalent sinusoidal voltage
profile in case storage means of significant capacity are included in the energy conversion
chain. Otherwise, a period equal to the energy period Te can be retained as a worst case
scenario which corresponds to the fixed speed mode. Hence, no commercially sensitive
data is to be transmitted to the grid operator, who can however estimate the grid impact
of the wave farm both in terms of flicker level and in terms of maximum and minimum volt-
age. Given that an equivalent sinusoidal voltage fluctuation is sufficient for estimating the
flicker level Pst potentially generated by a wave farm during a sea-state of given significant
wave height Hs and energy period Te, a simple dynamic model composed of a constant
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(corresponding to the average voltage Vavg) and of a sinusoidal signal (corresponding to
the voltage fluctuation) may be used. Hence, more detailed models, as currently required
for wind turbines, may be necessary only for short-term fault studies and for power system
stability studies whose simulation time frame does not usually exceed 30 seconds.

Finally, as no commercially sensitive data are required for estimating the flicker level
Pst, the results obtained by different developers may be more easily disseminated. This
could greatly increase the knowledge of the wave energy research community with respect
to the current wave device designs from a power quality perspective.
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Chapter 8

Numerical dynamic modelling of
ocean energy devices for power
system studies

8.1 Introduction

As mentioned in the state-of-the-art, power system simulators are the tool of choice for
assessing the grid impact induced by any system changes. Dynamic models for most of
the typical components of a power system are usually provided as built-in models which
the user only needs to parameterise.

However, there exists no built-in dynamic model of both wave and tidal current de-
vices (referred to as ocean devices in the rest of this chapter) yet. This absence may
represent an obstacle to the large scale grid integration of ocean energy. This in this
context that a collaborative research project on this topic was established by the Ocean
Energy System-Implementing Agreement in 2009. This intergovernmental organisation
promotes the collaboration between countries, and operates under the framework estab-
lished by the International Energy Agency (IEA).

The objective of this research project was to identify common features among ocean
energy devices in order to create the structure of a generic model which may be applicable
to most ocean energy devices. Data was also collected in the frame of this project to
facilitate the parameterisation of this structure.

The author of this thesis participated in this research project in 2010. The study she
conducted consisted of a developer survey focusing on the control strategies used by ocean
devices. This work meant to determine whether control strategies should be implemented
in a generic model and if so, how they should be modelled. Following this study, she refined
the generic model structure initially developed in the frame of this project. A technical
report covering the outcomes of this research project was published in 2011 [46].

This chapter details the results of this study which were updated compared to the ini-
tial version published in 2011 based on the experience gained, and on the results obtained
during this thesis. More specifically, the main modifications to the initial publication
concern the generic modelling of wave devices exclusively and are related to the results
presented in the previous chapter. These results have a very significant impact with re-
spect to the minimum simulation time frame which is necessary to assess the grid impact
of a wave farm. It was demonstrated that the flicker generated by this type of farm may
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be estimated with a very high level of accuracy by simulating a sinusoidal voltage fluc-
tuation filtered by a first-order low-pass filter emulating the influence of energy storage
means. Hence, it is unnecessary to develop a detailed generic model of wave device for the
purpose of flicker analysis.

This finding has major implications regarding the generic modelling of wave devices.
It means that the minimum duration of the power system simulations may be reduced
in the case of wave farms from 10 minutes (which corresponds to the minimum duration
required for the flicker analyses) to 30 seconds which is the typical simulation time frame
for stability studies. Consequently, it is unnecessary to model generically with a high
level of detail the control strategies whose response time is longer than 30 seconds. This
may decrease significantly the level of detail required from a wave device generic model.
However, these control strategies must be modelled by means parameters which remain
constant over the simulations.

As regards tidal current devices, simulations lasting 10 minutes may still be needed to
evaluate the flicker they generate, unless the flicker coefficient c(Ψk) developed for wind
turbines is used. This flicker coefficient is defined in the IEC standard 61400-21 as:

c(Ψk) = Pst
SSC
Sn

(8.1)

where Sn is the apparent power of a single turbine. Considering that the input power of
the tidal turbines varies slowly as a function of time, the input conditions can be consid-
ered as constant over a simulation in the same way as for the simulations based on wind
turbines. Hence, their control strategies is not expected to be modelled with a high level of
detail. However, in similar fashion to the wave devices, they must be modelled by means
of parameters which remain constant over the simulations.

The following section details the generic structure of an ocean device model which was
initially developed in the frame of this project.

8.2 Generic structure of ocean energy devices

The results of a developer survey focussing on the control strategies used in ocean devices
are presented in this section. This survey meant to complete the results obtained from
a first survey undertaken in the frame of the OES-IA collaborative research project in
which the author of this thesis did not take part. This first survey was intended to gain
more understanding into the type of data developers have the ability to provide in order
to parameterise a pre-established generic structure, as well as numerical values for these
parameters. The second survey, which was developed, launched and whose results were
analysed by the author of this thesis, focuses on refining the knowledge of the different
control strategies included in ocean devices as well as on developing their generic repre-
sentations if necessary.

Thirty-five respondents took part in the second survey whose questionnaire was circu-
lated to the main developers in the industry. Similarly to the first edition, questionnaires
were received from various countries and regions including Europe, Canada, the USA,
Australia and Russia. It must be noted that the device sample of the second survey had
characteristics similar to those of the first survey sample as shown in Figure 8.1, and that
the results and conclusions of the previous edition were confirmed by the second.
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Figure 8.1: Distribution of the devices on which the survey results are based as a function
of their types

The results of the survey are based on 22 wave devices and 13 tidal devices. Six func-
tional blocks common to most ocean devices were identified as follows:

− Primary energy capture
Either tidal current or wave energy is captured at this stage and transformed into
mechanical, hydraulic or pneumatic energy.

− Prime mover
The prime mover is connected to the generator’s rotor, sometimes through a gearbox.
In ocean devices having no storage means and qualified as “direct-drive” devices, the
primary power capture and the prime mover functions are performed by the same
component, for instance by the rotor in tidal turbines.

− Generator
The generator transforms mechanical energy into electricity.

− Power electronic converters
Power electronic converters, necessary for all grid interface types with the excep-
tion of the directly-connected, fixed speed squirrel-cage generator, transforms the
electricity produced by the generator into electrical voltage oscillating at the grid
frequency. They decouple, either partially or fully, the generator from the network.

− Storage
The storage function is optional and simulates the action of both dedicated storage
means (e.g. flywheel) as well as built-in components having a significant storage
capability (e.g. hydraulic ram). It may appear in a hydraulic, mechanical or electrical
form.

− Control
Control can be applied to all of the functional blocks mentioned above and is thus
represented as a transversal functional block. It is necessary to coordinate different
systems internal to the device, as well as to optimise the power conversion from the
waves. It may also be required to limit power conversion in order to protect the
equipment under adverse conditions, such as storm event or fault conditions.

Figure 8.2 shows the functional structure developed at an initial of the research project
and refined by the author of this thesis prior to the launching of the second survey. The
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Figure 8.2: Generic model outline

inertial energy storage block is represented in parallel with the prime mover block rather
than in series with it, as it was previously presented in the first survey. The modelling
in series may have suggested that the energy was stored in a storage component located
between the prime mover and the generator, similarly to the inherent energy storage.
However, as the energy at this stage is actually stored in the rotation of the prime mover
itself, it is preferable to model this block in parallel with the prime mover block. Similarly,
the electrical storage block is represented in parallel with the power electronics block. The
blocks which may involve some means of control are circled in black. The inertial energy
storage at this stage is considered as passive, as opposed to actively controlled, as it may
be the case for a majority of devices.

8.3 Survey results

8.3.1 Power optimisation/limitation

A majority of both tidal and wave devices have some means for optimising and/or for
limiting power conversion as shown in Figure 8.3. In the case of tidal devices, all of them
have optimisation means and 12 out of 13 also have power limitation means. Among the
22 wave energy devices, 19 have optimisation means and 20 have the capability to limit
their power outputs.

Figure 8.3: Power optimisation/limitation means

In practice, power limitation can be physically implemented in many different ways.
However, it may be modelled at a very simple level by integrating an upper power limit
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to each block, above which the output power is kept constant to this limit regardless of
the input power magnitude. It is also important to model the response time of the power
limitation mechanism, e.g. blade pitching, and any constraints that may exist on the peak
energy that can be dissipated, e.g. in a dump load. Numerical values for the power limits
may be supplied directly by the developers directly, or may need to be calculated from
other parameters such as maximum fluid pressures or flows, which may however prove to
be more complex to achieve. Alternatively, it may be possible to minimise the efficiency
of the primary power capture element, for instance by varying the blade angle in tidal
turbines or by de-tuning a wave device as explained in Section 8.3.3.

Considering that power optimisation strategies are very diverse, they may be more
complex to implement in a generic model. They are usually applied to the following
stages:

− primary power capture: optimising the conversion between wave power and primary
mechanical or fluid power by adapting the primary power capture element to chang-
ing sea conditions, for instance by tuning the device motion to the dominant wave
frequency. This type of optimisation is usually referred to as “tuning”.

− prime mover: optimising the conversion between the primary mechanical/fluid power
and the prime mover power, for instance by controlling the input fluid flow to a
hydraulic motor or varying the rotational speed of an air turbine.

− prime mover/generator: optimising the conversion between mechanical and electrical
power, by controlling the interaction between the magnetic fields of the rotor and of
the stator.

Optimising the power conversion may also be applicable at the storage stage by con-
trolling the charge/discharge rates of the storage unit(s) appropriately in order to minimize
the charge/discharge losses respectively, for instance to limit friction losses in a fluid accu-
mulator. However, although Figure 8.4 shows that some developers do control these rates,
it is still unclear if they do so for power conversion optimisation or for other purposes, e.g.
limiting mechanical constraints on the storage means.

Optimisation may be modelled using either time series data sets at different control
operating points or curves of optimum efficiencies with respect to sea conditions. De-
pending on the stage at which optimisation is applied, this data should be representative
of either the optimum efficiencies at the primary power capture stage, or of the prime
mover/generator speed or torque optimum operating points.

It must be borne in mind that this optimum efficiency data must be representative of
the conditions in which the ocean energy device is operating, as imposed by the control
strategies. Basing the model on average efficiencies of a part of the device (e.g. primary
power capture element) operated in a stand-alone mode, thus excluding the influence of
the other parts of the device may not prove to be sufficiently accurate. For instance, in
the case of tidal turbines using control strategies similar to those used for wind turbines,
several operating points may exist for a single value of tidal flow speed because of the
multiplicity of pitch angle/rotor speed configurations. However, control strategies may
exclude some of these potential operating points from the range of operation of the de-
vice, e.g. prime mover speed restricted to a certain range for given sea conditions, etc.
Hence, it is important that the efficiency data provided by the developers corresponds to
the optimum efficiency at the operating points chosen with respect to the control strategies.
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Optimum efficiency data sets or curves can be selected discretely within the model
depending on a range of inputs such as sea conditions (e.g. tidal flow speed, wave fre-
quency/height), or prime mover/generator speed and/or torque. At the primary power
capture stage, these efficiency values or curves might be supplied by developers of non-
direct-drive systems (i.e. including some sort of hydraulic or pneumatic power) in terms
other than power, for instance as pressure or flow, and may need then some conversion
work to be implemented in the model. The results of the first survey demonstrated that
the average efficiencies of the primary power capture element and of the prime mover are
widely available from developers. However, it is still unclear whether this data comes from
tests of the primary power capture element or of the prime mover system performed in
stand-alone mode, or whether the tests were conducted on the entire ocean device, thus
including the impact of control strategies.

If the control parameters vary sufficiently slowly compared to the typical duration of
the power system simulations (i.e. not exceeding 30 seconds for wave devices and up to
10 minutes for tidal devices), they can be considered as constant. Hence, the correspond-
ing control strategy does not need to be represented in the generic model with a high
level of detail. However, if it appears that the control parameters may vary significantly
during the simulations, then it must be modelled with a higher level of detail, but it may
be acceptable to utilise average efficiencies at discrete control operating points. Finally, if
the control variables vary rapidly, as for instance in very non-linear wave-to-wave control,
modelling the influence of the control system on the device power output may become
significantly more complex. In this case as well, using data sets indicating the averaged
effect of the control variable mean value may remain the best solution, particularly given
the confidentiality issues surrounding control strategies.

8.3.2 Actively-controlled parameters

The abbreviations used in the graphs of this section are the following:

FP Primary fluid pressure
FFR Primary fluid flow rate
IPS Minimum input power threshold for energy storage
SCR Storage charge rate
SDR Storage discharge rate
Q Reactive power
SP Prime mover speed
TQ Prime mover/generator torque

Figure 8.4 shows the results regarding the actively-controlled parameters in ocean de-
vices. Questions on storage control were based on a simplified storage means model con-
sisting of controllable charge and discharge rates, as well as on an input power threshold
above which energy is absorbed and below which energy is released from the storage means.

A large majority of the 13 tidal devices control the prime mover speed as well as the
prime mover/generator torque. The absence of storage means for most tidal energy devices
explains why control of either the minimum input power threshold for storage (IPS), of
the storage charge (SCR) or discharge rates (SDR) is marginal for those devices. Reactive
power control (Q) will be discussed later in this section.

Wave devices usually control a larger number of parameters than tidal devices which
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Figure 8.4: Actively-controlled parameters

Figure 8.5: Control of IPS, SCR and SDR

is confirmed by this survey. This difference stems from the fact that some form of fluid
power is involved in a majority of wave devices, which present thus a more complex design,
whereas tidal devices are predominantly direct-drive systems with fewer mechanical parts
or energy conversion stages. In addition, energy storage means of significant capacity are
likely to be implemented in wave devices rather than in tidal devices which generally have
a much smoother power profile.

Storage control

Figure 8.5 shows the results regarding control at the storage stage extracted from Figure 8.4.
A large majority of tidal device developers have not answered this question, as their de-
vice does not include some means of storage. However, it is interesting to note that this
question was not answered either by 15 wave device developers out of the 21 whose de-
vice includes storage. It may be assumed from these results that storage is not controlled
actively in a majority of devices. However, when it is, the storage charge and discharge
rates are both controlled, as may it be expected.

Reactive power control

Figure 8.4 showed that 5 wave devices out of 22 and 4 tidal devices out of 13 control reac-
tive power. However, the use of either fully or partially-rated power electronic converters
is likely to be required for a number of reasons, for instance for enabling variable speed
operation, improving the device fault ride-through capability, and provide voltage control
among others. Hence, the actual proportion of ocean devices controlling reactive power
should be greater than the figures given above.

The existing models of reactive power control systems implemented in wind turbines
models may be used for ocean devices as well. Should they prove not to be adequate,
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Figure 8.6: Optimum operating curve

they may at least constitute a good starting point for the development of reactive power
control models for ocean energy applications.

Prime mover/generator speed and torque

The last controlled variables addressed in Figure 8.4 are the prime mover/generator speed
and torque. A large number of wave and tidal devices, more precisely 9 wave devices out
of 22 and 8 tidal devices out of 13, control at least one of these variables.

One question posed to the developers regarded their ability to provide some sort of
optimum operation curve based on average values of optimum efficiencies representing the
response of the prime mover/generator system for a range of input power conditions or
any parameter related to this (e.g. current speed, wave height, etc.). This type of curves
is already used for solar and wind energy applications. In the case of wind energy, the
maximum power point tracking (MPPT) control consists of adapting the rotational speed
of a wind turbine as well as its pitch angle to optimise the power extraction from the
wind. As shown in Figure 8.6, the power efficiency of the turbine for a given pitch angle
is optimum for a given tip speed ratio (black curves). Hence, both the rotational speed
and the pitch angle are thus adapted as a function of the wind speed in order to max-
imise the turbine efficiency. Hence, the complex control strategy of a wind turbine can
be represented relatively simply by an optimum operation curve shown in red in Figure 8.6.

A large majority of the 10 tidal devices controlling prime mover/generator speed and/or
torque actually uses a maximum power tracking curve (describing either the electrical
power or torque as a function of the prime mover speed), as shown in Figure 8.7a. This
ability to express the device control strategy in the form of a simple power or torque-speed
curve will greatly facilitate its implementation in a generic model.

However, the characterisation of optimum efficiencies with respect to input power/torque
or sea conditions is more complex for wave devices, as expected from the varying nature
of the input resource. As a result, few wave developers (4) of the 12 whose device controls
either prime mover/generator speed or torque can provide some sort of power tracking
curve as illustrated in Figure 8.7b. Considering the complexity to represent the efficiency
of the generator when it undergoes severe input power variations as in the case of most
oscillating wave energy devices, these curves might actually consist of steady-state effi-
ciency curves provided by generator manufacturers. Although representing incompletely
the generator’s response under very dynamic conditions, they could be used at a first stage
in the absence of more precise curves.
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(a) Tidal devices (b) Wave devices

Figure 8.7: Use of some sort of maximum power tracking curve

8.3.3 Tuning

Introduction

Considering the current lack of guidelines regarding the dynamic modelling of ocean de-
vices, it is still unknown whether power system stability studies will be performed for
changing sea conditions. To date, grid operators do not require dynamic models for wind
turbines to simulate the effect of wind speed variations on their power outputs, as men-
tioned in the state-of-the-art.

It is important to bear in mind as well that the tidal current speed is unlikely to
vary significantly over 10 minutes, which corresponds to the maximum simulation dura-
tion usually performed for power system stability studies. Hence, the adaptation of tidal
devices to changing sea conditions should not be implemented in a generic model. This
section will thus address wave devices exclusively. As regards these devices, simulating
constant wave conditions is irrelevant in the case of oscillating wave devices tuning on a
wave-to-wave basis. The term “tuning” qualifies usually the control strategies intended to
vary the natural frequency of an oscillating wave device as a function of the dominant (or
instantaneous) wave frequency in order to achieve resonance. In this thesis, this definition
is broadened to define the optimisation of the primary power capture element of any wave
device to changing sea conditions (wave frequency/height). De-tuning, meaning reducing
the efficiency of the primary power capture element, can also be used by a device to limit
the power extraction from the sea in adverse conditions.

Figure 8.8 shows that a large majority of the 22 wave devices are tuneable. In practice,
tuning to new prevailing sea conditions may be achieved in many different ways and on var-
ious timescales. The means by which a device transforms from one tuned state to another
is highly dependent on its own geometric, hydrodynamic and mechanical characteristics,
as well as on its control strategies, both of which are very device-specific. Modelling ac-
curately enough the influence of tuning on the power output of a wave device may thus
represent one of the main challenges of generic modelling of ocean devices.

It is proposed to model the process of tuning in two phases as illustrated in Figure 8.9.
The detection of new sea conditions is assumed to occur at time t0. If these detected
new sea conditions are maintained for a duration Td (called “decision time”), the control
system of the ocean device, which is still tuned according to the previous sea conditions
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Figure 8.8: Ability to tune to prevailing sea conditions

Figure 8.9: Tuning phases

between time t0 and time Td, starts adapting its tuning parameters. However, the adap-
tation to the new sea conditions cannot be considered as instantaneous in most cases and
a certain period of time Tt (“tuning time”) is necessary for tuning to be completed. At
time t = t0 + Td + Tt, the device is fully adapted to the new sea conditions.

The following sections detail the answers of the developers regarding the relevance of
this representation of tuning compared to the tuning strategy of their device, as well as
their ability to provide numerical values for the decision and tuning times Td and Tt.

Decision time Td

A majority of wave devices can tune to new wave conditions almost instantaneously as
depicted in Figure 8.10 with the label “I”. An equal number claim tuneability after a time
delay Td. A small number of devices tune after a specific number of waves N .

Figure 8.11 shows that tuning delay is linked only to a decision time Td for a majority
of non-instantaneously tuneable devices. Some devices (3) tune according to both time
Td and a number of waves, N . However, only one device tunes according to the number
of waves N only. Hence, the predominant reaction is either instantaneous or relying on a
parameterisable time delay.

During the decision time Td, no change is made to the characteristics of the device,
such as blade angle or damping level. However, as the sea conditions have changed them-
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Figure 8.10: Decision parameters

Figure 8.11: Decision parameters (decoupled)

selves, the device is no longer tuned optimally and hence its efficiency decreases. The
non-optimal efficiency can be selected from efficiency curves or efficiency maps with re-
spect to the new sea conditions. This highlights that data at both tuned and de-tuned
states may be necessary for parameterising a generic model.

Among the 9 wave devices whose tuning strategy is based on a decision time Td, nu-
merical values can be provided for 8 devices, as shown in Figure 8.12. If time Td is not
constant, an average value may be chosen. As regards the delay time as expressed in
number of waves N , 3 wave developers out of 4 can also provide numerical values for this
parameter. However, as mentioned earlier, basing the time delay on a decision time Td
seems more suitable than basing it on a number of waves N as this former approach seems
predominant.

Figure 8.12: Ability to provide numerical values for Td and N
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Figure 8.13: Timescale of decision time Td

(a) Ability to provide Tt (b) Timescale

Figure 8.14: Tuning time Tt

The decision time Td ranges from close to zero (almost instantaneous) to shorter than
30 seconds for more than half of the wave devices, as shown in Figure 8.13. Considering
that this time is shorter than the typical simulation time frame for wave energy appli-
cations, this phase during which the device is de-tuned compared to the wave conditions
should be implemented in a generic model if changing sea-states are taken into account in
power system stability studies.

Tuning time Tt

A majority of developers whose device is tuneable, more specifically 12 wave developers out
of 19, can provide a numerical value for the tuning time Tt, as illustrated in Figure 8.14a.
The tuning time Tt is shorter than 30 seconds for most devices, as shown in Figure 8.14b.
This means that the phase during which the device tunes to the new wave conditions
should be implemented in a generic model. However, this may constitute a very complex
task, as the behaviour of each device may be very specific and as the number of data
required for its modelling may be considerable.

Two tuning types must be distinguished: mechanical and electrical tuning. Electri-
cal tuning via generator control will typically be significantly faster in response than via
control of mechanical elements. Developing generic control strategies regarding electrical
tuning via generator control should require a limited amount of programming work as
detailed generator models are already provided within the power system simulator pack-
ages. However, this would be different for the devices using mechanical elements to achieve
tuning, which may be generically represented by means of modifying the efficiency of the
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primary power capture element.

Two options for implementing this time delay in the model may be considered depend-
ing on the value of Tt. A first option is proposed for quickly-tuning devices, for instance
on a wave-to-wave basis. For these devices, it is recommended that the device efficiency
is maintained at the de-tuned efficiency for t0 + Td ≤ t ≤ t0 + Td + Tt and then changed
to the optimum efficiency with respect to the new sea conditions once the tuning time
has elapsed. For devices whose tuning time is longer than few seconds, it may be relevant
to include the evolution of the device efficiency over the tuning time. It is proposed that
this efficiency is approximated linearly over period Tt with respect to the efficiency of the
initial de-tuned state and of the final optimally tuned state.

Summary

In summary, a large number of wave devices start adapting, and achieve tuning to new
wave conditions in less than 30 seconds. This means that the behaviour of the wave devices
during the time t0 when new sea conditions are detected and the time t0 + Td + Tt when
tuning is achieved must be modelled. However, this may constitute a very complex task,
as the behaviour of each device may be very specific and as the number of data required
for its modelling may be considerable.

Alternatively, it may be observed that the instantaneous tuning, corresponding to the
case where both Td and Tt are approximately equal to zero, represents the worst case
scenario from a power quality perspective, as power peaks of maximum amplitude are
generated in this case. However, it may give a relevant insight into the level of disturbance
which a wave farm may have on the grid. Hence, it may be sufficient at a first stage to
model wave devices as tuning instantaneously. This would reduce the amount of data
required for the generic model, as only data on the optimum efficiency of the device as a
function of the wave conditions would be necessary. As regards tidal devices, considering
that the current speed is unlikely to vary significantly over the maximum simulation du-
ration with respect to power system stability studies, tuning should not be modelled in
this case.

8.4 Conclusions

This chapter detailed the updated results of a developer survey conducted in the frame of
a research project led by the OES-IA. This survey focused on the control strategies used
in ocean devices and investigated whether it was necessary to implement them in a generic
model. The answer to this question is based on the comparison between the response time
of these control strategies and the typical simulation time frame with respect to power
system stability studies.

The results presented in Chapter 7 demonstrated that no detailed generic model was
necessary to evaluate the flicker level generated by a wave farm, as it could be estimated
with a high level of accuracy by means of sinusoidal voltage time series. Hence, the sim-
ulation time frame can be reduced to 30 seconds in the case of wave energy applications
which corresponds to the typical duration of simulations with respect to power system sta-
bility studies. Consequently, this reduces also considerably the modelling work required
to enable the accurate simulation of a wave device behaviour. As regards tidal devices,
considering that the tidal current speed is unlikely to vary over 10 minutes (which corre-
sponds to the duration required for performing flicker analyses), no highly detailed model
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should be required. This hypothesis seems all the more probable that, to date, grid opera-
tors do not require dynamic models for wind turbines to simulate the effect of wind speed
variations on their power outputs.

Most ocean devices have some sort of power limitation means, which may be modelled
at a very simple level by integrating an upper power limit to any functional block of the
generic model, above which the output power is kept constant to this limit regardless of
the input power magnitude. It is also important to model the response time of the power
limitation mechanism. Alternatively, it may be possible to minimise the efficiency of the
primary power capture element, for instance by varying the blade angle in tidal turbines
or by de-tuning a wave device. In this case, data sets on sub-optimal efficiency of the
devices may be necessary.

Most devices include also control strategies for optimising the power conversion. In
order to model these control strategies, the concept of an optimum operation curve or
data sets was introduced in the survey. It consists of representing the optimal operation
of a device in the form of a curve linking the sea conditions to a device variable, such as
power, prime mover speed, etc. In this manner, the control strategies used in a device may
be summarised in a form easily implementable in a generic model. This type of approach
seems suitable for tidal devices, as the operation of most of them can be represented by a
maximum power point tracking (MPPT) curve linking the prime mover speed to the sea
conditions. However, this is not the case for wave devices, as may be expected from the
varying nature of the input resource. It seems possible to use as an alternative data sets
or curves on the optimum efficiency of a wave devices as a function of the wave conditions,
as most developers have the ability to provide these [46].

As regards oscillating wave devices, the optimisation of the power extraction is usually
performed by tuning the devices as a function of the dominant (or instantaneous) wave fre-
quency. A representation of tuning, which was presented in this survey, consists of defining
two time delays Td and Tt which correspond respectively to the time intervals between the
detection of new sea conditions and the beginning of tuning, and the beginning of tuning
and the moment when tuning is achieved. It was mentioned that modelling this type of
control strategy may constitute a very complex task, as the behaviour of each device may
be very specific and as the number of data required for its modelling may be considerable.
Hence, it is proposed to model all wave devices as instantaneously tuneable. Although this
represents a worst case scenario from a power quality perspective, this approach should
give a reasonable insight into the level of disturbance which a wave farm may have on the
grid.

As regards control strategies in terms of reactive power or applied at the generator
stage, the existing models implemented in wind turbine models may be used for ocean
devices as well. Should they prove not to be adequate, they may at least constitute a
good starting point for the development of reactive power control models for ocean energy
applications.

In summary, the data required for implementing the control strategies of ocean devices
are the following:

− data sets on the optimal operation of a device, for instance in the form of a maximum
power point tracking (MPPT) curve, or in the form of optimum efficiencies as a
function of the sea conditions
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− power limits and response time corresponding to the power limitation mechanism, if
any. In the case where power limitation is implemented by decreasing the efficiency
of the primary power capture element, data sets on the sub-optimal efficiency of a
device as a function of the sea conditions would be necessary.
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Chapter 9

Conclusions

The work presented in this thesis covers four major topics of research related to the grid
integration of wave energy. More specifically, the grid impact of a wave farm on the power
quality of its local network was investigated. Two estimation methods were developed
regarding the flicker level Pst generated by a wave farm in relation to its rated power
as well as in relation to the impedance angle Ψk of the node in the grid to which it is
connected. The electrical design of a typical wave farm design was also studied in terms of
minimum rating for three types of costly piece of equipment, namely the VAr compensator,
the submarine cables and the overhead line. The power losses dissipated within the farm’s
electrical network were also evaluated. The feasibility of transforming a test site into a
commercial site of greater rated power was investigated from the perspective of power
quality, and of cables and overhead line thermal loading. Finally, the generic modelling of
ocean devices, referring here to both wave and tidal current devices, was investigated. The
following sections summarise the contributions of this thesis to these fields of research.

9.1 Impact of a wave farm on the power quality of its local
network

Major challenges regarding the grid impact assessment of a wave farm from a power quality
perspective were identified in the state-of-the-art. Prior to this thesis, it was relatively dif-
ficult to draw conclusions from the limited number of existing case studies as they present
important differences regarding several parameters which are expected to have a signifi-
cant influence on power quality. In addition, most existing studies are based on numerical
models of wave devices which have not been compared against experimental measurements.

The relatively fragmented level of knowledge regarding the grid impact of a wave
farm was the reason why two comprehensive case studies, whose results were presented
in Chapters 4 and 6, were conducted as part of this thesis. The studies were greatly
facilitated by the availability of experimental electrical power time series data generated
in the framework of a European FP7 project entitled “CORES”. As these time series were
generated at a high temporal resolution of 0.1 s, they were scaled and used directly for
power system simulations. In order to study the flicker generated by the wave farm, a
flickermeter compliant with the IEC standard 61000-4-15 was designed for the purpose of
this thesis. In addition, a simplified load flow programme based on the Newton-Raphson
algorithm was developed in order to provide a sanity check of the results obtained with
the power system simulator PowerFactory. The case studies investigated the influence on
power quality of the parameters which are described in the following paragraphs.
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9.1.1 Short-circuit ratio and impedance angle Ψk

In most of the existing studies, the grid impact assessment is performed for wave farms
connected to nodes in the grid having extreme short-circuit ratios (either very low or very
high) and different impedance angles Ψk. However, the use of different values for both
the short-circuit ratio and the impedance angle prevented the direct comparison of the
results. In order to fill this gap, the case studies presented in this thesis were performed
for typical ranges of the short-circuit ratio and of the impedance angle Ψk.

9.1.2 Power quality criteria addressed

Different power quality criteria were addressed in the existing case studies and the grid
compliance of the wave farm was assessed based on the requirements defined in different
grid codes. In this thesis, this assessment is based on three power quality criteria which
are intended to capture the impact on the network of fluctuating power sources such as
wave farms. These criteria are the amplitude of the voltage step induced by the sudden
disconnection of the wave farm, the maximum and minimum voltages as well as the flicker
level Pst. The extreme values reached by these variables were compared to the most
permissive as well as to the most stringent limits specified by several grid operators in order
to perform a grid compliance study which is representative of the requirements enforced
by a large number of grid operators around the world. These limits were identified as a
result of a detailed review of different grid codes, recommendations and standards.

9.1.3 Farm orientation and device layout

The influence on power quality of the farm orientation compared to the dominant wave
direction as well as the device layout within the farm was investigated. Results showed that
in farms composed of linear arrays of devices, the farm orientation has a very significant
influence on power quality while the influence of the device layout is far more limited.

9.1.4 Sea-state characteristics

Most existing studies being based on a single sea-state, this thesis presented results based
on five sea-states. This criteria proved to have a very significant influence on the grid
impact of a wave farm.

9.1.5 Additional parameters

The influence on the power quality of two additional parameters which are also expected
to have a significant impact on power quality was investigated. They consist of the gen-
erator speed control mode and of the power factor applied at the point of common coupling.

The results confirmed that the variable speed mode is an efficient means for reducing
the flicker generated by a wave device compared to the fixed speed mode, as is the case for
wind turbines. To date, no study had compared quantitatively these two control strategies
in the case of wave energy applications. By presenting results regarding the two modes of
operation, this thesis contributed in filling this gap. The results showed also that, although
the variable speed mode may help in reducing the voltage fluctuations, it may be useless
when the average voltage is already over/under, or close to, the allowed voltage limits. In
this case, power factor control may be used in a complementary manner. The conclusions
are similar concerning the use of collective storage means.
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The value of the power factor applied at the point of common coupling constitutes
also one of the main differences among the existing studies. Based on this observation,
it was decided to perform studies for the typical range of power factor mandated by grid
operators. The results demonstrated that this control strategy is efficient for reducing
the amplitude of the voltage fluctuations and consequently the flicker level induced by a
wave farm. However, the cost of the VAr compensation equipment being dependent on
its rating, relying on this control strategy only may decrease the economic viability of a
project, especially for wave farms operated at a relatively low voltage as it will be the case
at a first stage. Hence, it was shown that it may be relevant to use this control strategy
in a complementary manner with storage in the form of generator variable speed control
or in the form of dedicated storage means.

9.1.6 Results

The results of the case studies showed that flicker may be a major issue for the test
sites connected to a weak grid, especially in the Republic of Ireland where the enforced
limits are extremely stringent. It was highlighted that the test site farms are likely to be
structured in linear arrays in order to enable the performance monitoring of each device
under the best sea conditions. These conditions constitute a worst case scenario compared
to the case where devices may be laid out in a more compact shape, such as a square or a
rectangle, as it would be the case for a higher-rated, commercial wave farm. In addition,
under- and over-voltage was demonstrated not to be an issue for a commercial wave farm
rated up to 50 MW. The efficiency of mitigation means in the form of dedicated storage
means, generator variable speed control or power factor control was found to be sufficient
in most cases. Hence, it can be safely assumed that power quality issues will not constitute
a limiting factor to the upgrade of a test site into a commercial site, provided that suitable
mitigation strategies are applied.

9.2 Flicker estimation methods

The flicker summation law defined in the IEC standard 61000-3-7 was demonstrated to be
inapplicable in the case of wave farms in Chapter 7. Hence, a method intended to estimate
flicker for an increasing farm rated power was developed in this thesis. This method con-
sists of representing any voltage profile as the product of a reference voltage profile by two
scale factors. The results obtained through this method were compared to those obtained
with dynamic simulations performed with PowerFactory and showed good agreement.

This method was also found to be very accurate for estimating the flicker level ob-
tained at different impedance angles Ψk. Hence, considering that an additional estimation
method in relation to the short-circuit level, which is applicable to wave farms, has already
been defined in the IEC standard 61400-21, it is possible to estimate the flicker generated
by a wave farm of a given rated power connected at a node of any short-circuit level and
any impedance angle Ψk.

In addition, it was demonstrated that the estimation of the flicker generated by a wave
farm whose generators are operated in fixed speed mode could be performed by means of
an equivalent sinusoidal voltage time series whose frequency is equal to the energy period
of the sea-state under consideration. In the case where the generators are operated in
variable speed mode, the flicker level could be obtained from the power profile correspond-
ing to the fixed speed mode which is filtered by a first order low-pass filter whose time
constant τf corresponds to the inertia time constant of the system. As the results regard-
ing the flicker level obtained with the variable speed mode and with the collective storage
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means proved to be very similar, the determination of the minimum storage level which
is required to mitigate any flicker issue may be performed by filtering the power profile
corresponding to the fixed speed mode by a variable time constant τf and calculating the
corresponding flicker level.

The estimation method is intended to facilitate greatly the grid connection studies
which are routinely conducted by grid operators as part of any connection application
process. This simplified method requires only a limited amount of data regarding the
power generated by the farm which the wave device developers have the ability to provide
without prejudice to the commercial confidentiality of their device. The grid operator
would only need to determine a reference device layout and a reference farm orientation in
order for the test site developers to provide data regarding the maximum, minimum and
average active power obtained under these conditions for several sea-states. In the case
where the generators are operated in variable speed mode, the power profile of the farm
corresponding to a given rated power, short-circuit level and impedance angle is necessary.
Alternatively, this power profile can be estimated from the power profile corresponding to
the fixed speed mode which is filtered by the inertia time constant τf of the system.

9.3 Design of the farm’s electrical network

The design of a typical wave farm’s electrical network was investigated in Chapter 5. The
minimum rating required from the VAr compensator was shown to be highly dependent on
the length of the overhead line connecting the offshore substation to the point of common
coupling. However, the influence of the length of the submarine cables on this rating is
more limited, which is explained by the fact that, under the conditions considered in this
work, the reactive power generation and absorption at play in the cables are of the same
order of magnitude and act as opposite effects. Hence, it is recommended to connect a
wave farm to a location where a sufficiently close connection point is available.

The losses disspated in the farm’s electrical network were also investigated. Operating
the cables at 10 kV, as it is initially planned for the AMETS test site in Ireland, was shown
to lead to excessive losses which may represent up to 9% of the generated electricity and
which may render the test site significantly less profitable. Hence, it was recommended
to operate these cables at 20 kV, as this reduces the percentage loss to a more acceptable
level equal to 2.3% only.

Finally, a study focusing on the minimum rating required from submarine cables was
presented. Contrary to the conventional rating estimation methods which are based on
a constant current, the method developed in the framework of this thesis is based on
the estimation of the thermal loading of the cable and takes into account the current
fluctuations induced by the waves. The results obtained through this method showed that
the maximum current is no longer a relevant criterion for the estimation of the minimum
current rating required from a submarine cable. Conversely, the average current gives a
reasonable insight of the minimum current rating as it was shown to range between 22%
and 51% of the average current flowing through the cable.

9.4 Generic modelling of ocean devices

The last chapter of this thesis briefly investigated the generic modelling of ocean devices
for power system studies. It detailed the updated results of a developer survey, in which
thirty-five developers took part, and which was conducted as part of an OES-IA research

236



project which focused on the control strategies used in these devices. The survey was
meant to complete the results of an initial survey focusing on the development of a generic
structure common to most ocean devices. However, it was also demonstrated in this thesis
that the flicker generated by a wave farm could be estimated by means of an equivalent si-
nusoidal voltage time series whose frequency is equal to the sea-state energy period. In the
case where some means of storage is included in the energy conversion chain (for instance
inertial storage when the generator is operated in variable speed mode) or in the farm
in the form of collective storage means, the flicker level can be obtained from the power
profile corresponding to the fixed speed mode which is filtered by a first order low-pass
filter whose time constant corresponds to the inertia time constant of the system. Hence,
this means that no detailed generic model is necessary for the flicker analyses in the case
of wave farms. Consequently, the expected simulation time frame could be reduced to an
order of magnitude of tens of seconds, which reduces also considerably the modelling work
associated with the development of a fully dynamic generic model for wave devices, and
in particular regarding the implementation of the control strategies used in these types of
devices.

The results of this second survey showed that most devices used control strategies for
power optimisation and limitation purposes. As regards oscillating wave devices, the opti-
misation of the power extraction is usually performed by tuning the devices as a function
of the dominant (or instantaneous) wave frequency. A generic representation of tuning,
which was presented in this survey, consists of defining two time delays Td and Tt which
correspond respectively to the time interval between the detection of new sea conditions
and the beginning of tuning, and the time interval between the beginning of tuning and
the moment when tuning is achieved. It was mentioned that modelling this type of con-
trol strategy may constitute a very complex task, as the behaviour of each device may be
very specific and as the amount of data required for its modelling may be considerable.
Hence, it is proposed to model all wave devices as instantaneously tuneable at first in-
stance. Although this represents a worst case scenario from a power quality perspective,
this approach should give a reasonable insight into the level of disturbance which a wave
farm may have on the grid.

As regards tidal devices, it may seem suitable in this case to use an optimum operating
curve. This would consists of representing the optimal operation of a device in the form of
a curve linking the sea conditions to a device variable, such as power, prime mover speed,
etc. In this manner, the control strategies used in a device may be summarised in a form
easily implementable in a generic model. This type of approach seems suitable for tidal
devices, as the operation of most of them can be represented by a maximum power point
tracking (MPPT) curve linking the prime mover speed to the sea conditions.

Reactive power control is expected to be implemented in a large majority of devices
as they are likely to require power electonic converters to be able to comply with grid op-
erators’ requirements such as fault ride-through, frequency response, voltage control and
support during fault conditions. Hence, the existing models implemented in wind turbine
models may be used for ocean devices as well. Should they prove not to be adequate,
they may at least constitute a good starting point for the development of reactive power
control models for ocean energy applications.

Power limitation was identified to be implemented, or planned to be, in most ocean
devices. This may be modelled at a very simple level by integrating an upper power limit
to any functional block of the generic model, above which the output power is kept con-
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stant to this limit regardless of the input power magnitude. In addition, the model should
also simulate that an ocean device shuts down above another higher absolute maximum
limit, corresponding to storm conditions in the case of wave devices for instance. It is also
important to model the response time of the power limitation mechanism. Alternatively,
it may be possible to minimise the efficiency of the primary power capture element, for
instance by varying the blade angle in tidal turbines or by de-tuning a wave device. In
this case, data sets on the sub-optimal efficiency of the devices may be necessary.

In summary, the data required for implementing the control strategies of ocean devices
should be provided in the form of data sets on the optimal operation of a device, for instance
in the form of a maximum power point tracking (MPPT) curve for tidal devices, or in the
form of optimum efficiencies as a function of the wave conditions for wave devices. The
power limits and the response time corresponding to the power limitation mechanism,
if any, should also be provided. In the case where power limitation is implemented by
decreasing the efficiency of the primary power capture element, data sets on the sub-
optimal efficiency of a device as a function of the sea conditions would be necessary.

9.5 Future work

In the early future, further studies will be conducted on the proportionality coefficient
between the flicker level obtained without means of storage, either in the form of mechan-
ical, hydraulic, electrical or inertial storage (i.e. variable speed mode) and the flicker level
obtained when storage is available. It has been highlighted in Chapter 7 that a simple
relation involving the inertia time constant τf of the wave device may exist between the
flicker levels corresponding to these two levels of operation. Future work will investigate
this topic.

An experiment will also be set up in order to generate data on the temperature profile
of a submarine cable subject to a fluctuating current profile. These experimental results
will then be compared to the results obtained with the method described in Chapter 5.

In the longer term, future work is intended to focus on the implementation of a generic
model and on the validation of this model based on experimental data. The results of the
case studies presented in this thesis will be used as a benchmark.
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Appendix A

Estimation of the level of error on
the short-circuit level and on the
impedance angle

The method described in Chapter 4 which is intended to estimate approximately both
the equivalent short-circuit level SSC and the equivalent impedance angle Ψk at the high
voltage side of the 20/38 kV transformer does not take into account the consumption of
the loads between this node and the 110 kV (or 400 kV) connection point, as this data is
usually unavailable.

However, this approximation induces only a negligible underestimation of both the
short-circuit level SSC and of the impedance angle Ψk for both the UK and Irish test sites,
as demonstrated in this Appendix.

The network between the bus Bd (i.e. high voltage bus of the 20/38 kV transformer)
and the closest 110 kV (or 400 kV) connection point is represented in Figure A.1.

The impedance Zd = Rd+jXd was assumed to be linearly distributed between the bus
BS and the 110 kV node named BS110kV

. The individual consumption of the Nf feeders
connected to the overhead line(s) is assumed to be mainly resistive and is represented by
Nf parallel branches of impedance Ri. Information on this number Nf of feeders is usually
unavailable. These resistances are assumed to be all equal and they will thus be referred
to as R in the rest of the Appendix. The equivalent impedance of this network, excluding
the short-circuit impedance ZSC110kV

, is designated as Zeq = Req + jXeq.
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Figure A.1: Diagram of the network between the 110 kV and the 38 kV nodes (Ireland). The resistance RSC110kV
and the reactance XSC110kV

corresponds to the short-circuit impedance ZSC110kV
at the 110 kV node.
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The equivalent resistance Req can be calculated branches to branches from bus BS110kV

towards bus BS as:

Reqi =

(
1

Reqi−1

+
1

R

)−1

+
Rd

N + 1
(A.1)

with Req1 =

(
N + 1

Rd
+

1

R

)
+

Rd
N + 1

(A.2)

The resistance R of each of the Nf branches is calculated from the average power
consumption P in the region considered. However, as this data was not available, the
average power consumption per capita Pinh in regions similar to the west of Ireland and
to Cornwall was investigated. It must be borne in mind that the test sites considered in
this work are located off relatively rural regions, where the per capita energy consumption
is significantly lower than in more industrialised areas.

The average power consumption in a French region with similar characteristics was
found to be equal to 191 W/inh [111]. The resistance R can finally be calculated as:

R =
V 2

PinhNinh
Nf

=
V 2Nf

PinhNinh
(A.3)

where Ninh is the number of inhabitants in the region considered. In the case of the
Belmullet test site, the overhead line connecting the closest 110 kV node located at Bel-
lacorick to Belmullet supplies approximately 15,000 inhabitants according to the latest
census [71]. In the case of the WaveHub, the line connecting the closest 400 kV connection
point, which is located at the small village of Indian Queens, to Hayle was assumed to
supply the entire population of Cornwall which is equal to 532,300 inhabitants [112]. As
data on the number of feeders Nf connected to each of the overhead lines is usually not
available, the error levels on both the short-circuit level SSC and on the impedance angle
Ψk were calculated based on a number of values for Nf ranging between 1 and 1000, which
is assumed to include the actual value of Nf .

The short-circuit level SSCeq which is calculated with the detailed method described
in this Appendix can be expressed as a function of the short-circuit level SSC calculated
with the approximate method in Chapter 4 as:

SSCeq = (1 + βSSC )SSC (A.4)

where βSSC is the proportion by which SSCeq is underestimated. Developing this expression
gives:

V 2

Zeq
= (1 + βSSC )

V 2

Zd
(A.5)

which can be reduced to the following expression:

Zd = (1 + βSSC )Zeq√
R2
d +X2

d = (1 + βSSC )
√
R2
eq +X2

eq (A.6)

As mentioned earlier, the consumption of the feeders is assumed to be purely resistive,
hence the equivalent reactance Xeq is equal to Xd.
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The proportion which the equivalent resistance Req represents compared to the resis-
tance RS is represented by a coefficient α defined as:

α =
Req
Rd

(A.7)

The expression described in A.6 can hence be re-written as:√
R2
d +X2

d = (1 + βSSC )
√
α2R2

d +X2
d (A.8)

which is equivalent to

R2
d +X2

d = (1 + βSSC )2(α2R2
d +X2

d) (A.9)

Hence:

βSSC =

√
R2
d +X2

d

α2R2
d +X2

d

− 1 (A.10)

Considering that the impedance angle Ψk can be expressed as tan(Ψk) = Xd
Rd

, this last
expression can be re-written as:

βSSC =

√
R2
d +R2

d(tan Ψk)2

α2R2
d +R2

d(tan Ψk)2
− 1

=

√
1 + (tan Ψk)2

α2 + (tan Ψk)2
− 1 (A.11)

In similar fashion to the estimation of the error on the short-circuit level, the underes-
timation βΨ on the impedance angle Ψkeq can be expressed as:

Ψkeq = (1 + βΨ)Ψk

arctan

(
Xeq

Req

)
= (1 + βΨ)arctan

(
Xd

Rd

)
arctan

(
Xd

αRd

)
= (1 + βΨ)arctan

(
Xd

Rd

)
(A.12)

Hence:

βΨ =
arctan

(
Xd
αRd

)
arctan

(
Xd
Rd

) − 1 (A.13)

Both the error βSSC on the short-circuit level and the error βΨk on the impedance
angle depend on this latter parameter as well as on the coefficient α, which depends itself
on the value of the individual resistance R. As mentioned earlier, calculations were per-
formed for a number of branches N ranging between 1 and 1000, as well as for the values
of the impedance angle Ψk corresponding to the WaveHub and to the Belmullet test site
which are equal to 78.0◦ and to 69.2◦ respectively (including the short-circuit impedance
corresponding to the 110 kV (400 kV) node). Coefficient α was found to range between
0.98 and 1 in all the cases considered. This confirms that, as expected, the approximate
method described in Chapter 4 leads to a negligible level of error on the short-circuit level
as well as on the impedance angle of both the WaveHub and the Belmullet test site. The
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Test site Error on SSC(%) Error on Ψk (%)

WaveHub 0.09 0.3
Belmullet 0.3 0.5

Table A.1: Error on the short-circuit level and on the impedance angle at the WaveHub
and Belmullet test sites

results are presented in Table A.1.

In conclusion, the short-circuit level SSC and the impedance angle Ψk, as estimated by
means of the approximate method described in Chapter 4, can be considered as reliable.
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